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| ntroduction (en)

The administration of drugs is often limited by Iplems of insolubility, inefficient
distribution, enzymatic hydrolysis, lack of selgityf and side-effects leading to health
concerns. During the past decades, a large vaoktyicro- and nanocarriers have been
developed in order to improve efficiency, availapibnd toxicity profiles of drugs. Among
the currently available carrier systems, hollowstades prepared by the layer-by-layer (LbL)
assembly of oppositely charged polyelectrolytesaonolloidal template, followed by its
decomposition, have recently emerged as attrastdlacles in the field of drug delivery.
These capsules possess a fascinating multicomparteteicture, with the possibility to
introduce a high degree of functionality within itheanoshell. This in particular may allow
the development of original drug vehicles with coléd encapsulation and triggered-release
properties. Indeed, the shell can be designedficiesitly respond to various environmental
changes, allowing the programmed release of astibstances contained within the capsule.
The literature data show a large interest in theigihe of such systems. Hollow nano-/
microcapsules with desired shape, size, shell tiesk and tuned permeability properties are
reported. To date, the most studied capsules agolgfallylamine)/poly(styrenesulfonate)
(PAH/PSS). In spite of the advantages of biocorbgdsi, biodegradability and in some
cases, bioactivity that can be offered by polysaddies for biological applications, very little
research has been devoted to the design of mulpadment systems based on
polysaccharides. This can be explained by the gthydrophilic character of these polymers,
difficulties related to their structural and macecular characterization and their tendency
to lead to “soft” and highly hydrated planar films.

For drug delivery applications, a prerequisitedisise biocompatible polyelectrolytes
for the construction of the nanoshell. Capsulesush@lso be designed to exhibit drug
encapsulation and release properties well-suitedeoequired therapeutic application. In this
context, polysaccharides showing biocompatibilttigdegradability and non toxicity appear
as good candidate materials. Compared to plamas fihade from polysaccharides, little is
known about capsules made from biopolymers. A feported examples of capsules built
mainly from alginate, dextran and chitosan suggeshe difficulties in the fabrication of

stable capsules, by comparison with synthetic pelgmTheir exposure to solvents, pH and



ionic strength can thus affect the structural intggof the multilayer assembly. In addition,
the choice of a suitable colloidal template and dissolution protocol, are crucial in the
formation of capsules from polysaccharides in orfdemaintain their integrity. The harsh
conditions (0.1 N HCI, 1M HF, THF) generally usedr fthe preparation of synthetic
polyelectrolyte capsules are not suitable in theeag@here oppositely charged polysaccharides
used to form the nanoshell are weak polyelectrelya@d not chemically cross-linked.
Furthermore, biocompatible cores would be preferabthe case of biological applications.

In this context, the main objective of this work sv develop new LbL capsules
made from hyaluronic acid, a biocompatible and bgrddable polysaccharide. Due to its
natural presence in the human body and the largauof possible chemical modifications
of HA for specific purposes, such as cross-linkiggafting of drugs or cage molecules,
capsules made from HA possess a great potentiaginontrolled delivery of drugs. Research
on this topic was carried out in “Structure andchions of polysaccharides” group in the
CERMAV-CNRS laboratory. This team has been workimg the characterization and
chemical modification of hyaluronic acid for moteah ten years. Combining the intrinsic
properties of polysaccharides with those providgdgbafted molecules may lead to new
applications for such nanoshell-based systems.

Based on these considerations, the first step isfWlork was thus to establish the
feasibility to prepare capsules from HA. For thispgose, we proposed to use PAH as the
polycationic partner as much is known from its habar in capsules made of synthetic
polyelectrolytes. Having developed suitable coodsi for the synthesis of HA/PAH
nanoshells, we then focused on the replacemenfHBif By biocompatible cationic polymers.
We thus selected a polypeptide, polylysine) (PLL), and a chitosan derivative bearing
cationic groups (QCH) as partners of HA. The rasgltapsules were then investigated in
terms of morphology as well as model drug encagisuland release properties.

This thesis manuscript is divided in to four seasio

The first chapter deals with the application of th®. technique to the synthesis of
micro-/nanocapsules, and especially those madelg$accharides. Promising applications of
these multicompartment systems are demonstrategestigg the need to develop methods
for the synthesis of biopolymer microcapsules milal, effective and reproducible manner.

The experimental techniques used in this work asciibed in Chapter 2. Materials
used and techniques applied to characterize theslgatrolyte complexes, LbL planar films

and hollow capsules are described.



In the third chapter the synthesis of the LbL dwlicapsules based on hyaluronic acid
is presented. The optimization of conditions suskha choice of suitable template, molecular
weight and concentration of HA for multilayer depios are considered. High dependence of
capsule morphology on the preparation conditiorshvn. The problem of core dissolution
from HA/poly(allylamine) (PAH) coating without, andfter, shell cross-linking is also
described.

The fourth chapter compares capsules made from IHA #he biocompatible
polycationic partners, PLL and QCH. The sharp asialgf HA/PAH, HA/PLL and HA/QCH
complexes in the bulk, on the planar surface, amoys spherical template will be shown.
The key properties of these capsules as potentied darriers i.e. permeability to small
molecules and enzymatic degradation are deeplysimated. Differences related to the
multilayer structures between all types of HA/PA#A/PLL and HA/QCH capsules are also
highlighted and show that capsule formation basediA depends strongly on the cationic
partner. Chemical cross-linking of the shells\walmne to improve not only their stability but
also their permeability properties. After optimipat of the conditions required to produce
impermeable shells, the encapsulation and controlilease of small molecules of dextran at

molecular size of ~2nm, as a model drug, is present






Introduction (fr)

L'index thérapeutique des substances médicamersteeste souvent limité par des
problemes d'insolubilité, de sensibilité a 'hygs#® enzymatique, de manque de sélectivité
vis-a-vis du site visé ainsi que d'effets secorehirAu cours de ces dernieres décennies,
divers types de micro-et nano-capsules ont été lagpés dans le but de modifier la
pharmacodynamie de substances biologiqguement adivg en essayant de minimiser leur
eventuel effet toxique. Parmi ces systemes, lesutep creuses préparées par assemblage
couche-par-couche de polyméres de charges oppsgees support colloidal chargé, suivi
de sa décomposition, suscitent un intérét croisseptiis leur introduction il y a une dizaine
d’'années. La paroi de ces capsules "multicompantisieest donc constituée d'un film
multicouche de polyméres permettant d’introduineedses fonctionnalités. La capacité de la
paroi a répondre efficacement a des sollicitati@mvironnementales diverses, peut en
particulier étre avantageusement mise a profit ddaérer de maniere programmée des
substances actives encapsulées. De nombreux exsedgpieano / microcapsules multicouches
différant par la forme, la taille, les constituaetsfonctionnalités de la paroi ont été décrits
dans la littérature. A ce jour, les capsules lass pttudiées sont préparées a partir de
poly(allylamine)/poly(styrénesulfonate) (PAH/PSEn dépit des avantages en termes de
biocompatibilité, biodégradabilité, et bioactivitfye peuvent offrir les polysaccharides pour
des applications biologiques, peu de travaux anténhsacreés a la conception de tels systemes
multicompartiments, utilisant des polysaccharidesci s’explique en partie par le caractere
hydrophile de ces polyméres, les difficultés liéasla caractérisation structurale et
macromoléculaire difficile de ces macromoléculekeet tendance a former des films "mous"
fortement hydratés.

L'utilisation de polyméres biocompatibles s’avercessaire pour I'élaboration de
capsules destinées a des applications pharmacesitiqDelles-ci doivent par ailleurs
présentées des propriétés d'encapsulation et deatibn bien adaptées a la cible
thérapeutique. Dans ce contexte, les polysacctsmdgdparaissent comme de bons candidats
pour la conception de ces nouveaux transporteurpritbeipes actifs. Contrairement aux
multicouches planes réalisées a partir de polysaictds, il existe a ce jour peu de données

sur les capsules préparées par assemblage couebeygae de polysaccharides chargés. Des



exemples de capsules construites principalemeatta g’alginates, dextranes et de chitosane
suggerent quelgues problemes de stabilité par ragpdeurs homologues constitués de
polyméres synthétiques. L'exposition aux solvaatspH et a la force ionique peut affecter
I'intégrité de la structure multicouche. En outeechoix d'un support colloidal, ainsi que le
protocole de dissolution de celui-ci, sont essénfida formation et au maintien de I'intégrité
des capsules de polysaccharides. Les conditioez asastiques (0,1 N HCI, HF 1M, THF),
généralement utilisées pour la préparation de ¢tepsie polymeéres synthétiqgues ne sont pas
appropriées a la synthese de capsules de polysathaEn outre, l'utilisation de telles
capsules pour des applications biologiques passd’yidisation de supports colloidaux
biocompatibles.

Dans ce contexte, l'objectif principal de ce tibesait de développer de nouvelles
capsules multicouches a partir d'acide hyaluronigue polysaccharide biocompatible et
biodégradable. Grace a sa présence naturelle @anerps humain et a aux nombreuses
possibilités de modifications chimiques de ce patgharide (réticulation chimique, greffage
de médicaments), des capsules issues de ce polyaigssent envisager des applications
intéressantes pour le transport de principes adtdstravail décrit dans ce mémoire a été
réalisé au sein de I'équipe "Structure et fondidas polysaccharides” du CERMAV-CNRS.
Une partie de I'activité de cette équipe conceanedractérisation et la modification chimique
de l'acide hyaluronique, activité qui a débutéedlplus de dix ans.

Sur la base de ces considérations, la premiere éapce travail a donc consisté a
mettre en évidence la faisabilité de préparer dgsues a base de HA. A cette fin, nous
avons dans un premier temps utilisé le PAH en ¢aet partenaire polycationique puisque
beaucoup de données sont disponibles sur les eapptdparées a partir de ce polymere.
Nous nous sommes ensuite proposés de remplacekHepBr des polymeéres cationiques
biocompatibles. Nous avons donc sélectionné unpepityde, la poly (L-lysine) (PLL), et un
polysaccharide dérivé de chitosane portant despgrents cationiques (QCH) comme
partenaires du HA. Les capsules ont ensuite éthétsien ce qui concerne leur morphologie
ainsi que pour leur propriétés d'encapsulatioredileration de médicaments.

Ce manuscrit de these est divisé en quatre chapitre

Le premier chapitre traite des stratégies de sgmthdes micro-/nanocapsules
multicouches. Des applications prometteuses deystémes multicompartiments montrent la
nécessité de développer des méthodes de synthésiermdeapsules a base de biopolyméres,

efficaces et reproductibles.



Les techniques expérimentales utilisées dansasitrsont décrites dans le chapitre
2. Nous présentons les matériaux utilisés, lesniqales appliquées pour caractériser les
polyélectrolytes complexes, les multicouches plaxiesi que les capsules.

Dans le troisieme chapitre, la synthese de capsuiksant I'acide hyaluronique est
présentée. L'optimisation des conditions telleslgughoix du support, la masse molaire et la
concentration du HA pour les dépbts multicouche# siéveloppés. Nous montrons que la
morphologie des capsules est fortement dépendasteatditions de préparation.

Le quatrieme chapitre compare les capsules en ifoncdes partenaires
polycationiques (PLL et QCH) du HA. L'analyse paste les complexes HA/PAH, HA/PLL
et HA/QCH en solution, sur des surfaces planesietis support sphérique et poreux. Les
principales propriétés de ces capsules comme vedeumédicament (perméabilité aux
petites molécules, dégradation enzymatique) soidigds. Nous montrons que les différences
entre les types de capsules HA/PAH, HA/PLL et HAKQGont liées a la structure du film
multicouche. Sa réticulation chimique permet pdteais d'améliorer non seulement la
stabilité, mais aussi les propriétés de permééhdés capsules. Aprés la mise au points de
capsules imperméables aux petites molécules, pentation de petites molécules de

dextrane comme modeéles de médicaments est présentée
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CHAPTER LbL capsules made from polysacchariddsblography review

1.1.Résume (fr)

Ce chapitre, situant le travail dans son conteriBographique, s’organise en quatre
volets princiapux. Les différentes approches prépssians la littérature pour la synthése de
capsules par la technique de dép6t couche-par-eoscht tout d’abord présentées. Elles
reposent sur [utilisation de particules -colloidalesacrificielles de taille nano- ou
micrométrique comme supports pour [I'élaboration filens multicouches. L’analyse
bibliographique met en évidence une grande vadétéatériaux utilisés pour la synthése de
ces ceeurs. Ceux-ci peuvent étre de nature mingunadeganique et de taille variable comprise
entre 30nm et 1{0n. En ce qui concerne les films multicouches ctunstit la paroi des
capsules aprés dissolution du cceur, ils sont gieméeat construits a partir de polymeres
synthétiques ou naturels. Dans ces films, lesaotems mises en jeu peuvent étre de nature
électrostatique ou reposer sur la formation desdias hydrogéne, de liaisons covalentes ou
encore la complexation héte-invité. Ces interactiopeuvent étre modulées par la
température, le pH, la force ionique, ou la présede biomolécules, rendant ainsi les
assemblages sensibles, voire réactifs aux condiggterieures.

L’intérét suscité par les capsules multicouchesa@ssi lié a la capacité de leur paroi a
répondre efficacement a des sollicitations enviemnantales diverses, permettant une
libération programmée des substances actives anéaps Ces systéemes laissent de ce fait
envisager des applications intéressantes dans Imaide pharmaceutique et les
biotechnologies. Celles-ci font I'objet de la detmie partie de ce chapitre. Une attention
particuliere est portée aux techniques utiliséesr pencapsuler des molécules actives a
I'intérieur de la capsule.

Comparés aux polyméres de synthese courammentaasséoablés, les polysaccharides
présentent des propriétés intéressantes et oegimgli peuvent étre avantageusement mises a
profit pour la synthése de microcapsules commesprameurs de principes actifs. L'utilisation
de ces polyméres naturels pour produire des capsuldticouches est discutée dans la
troisieme partie de ce chapitre. Celui-ci se teempar une présentation des propriétés de

I'acide hyaluronique, le polysaccharide principglisé dans ce travail.
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1.2.Introduction

Functionalized capsules are of increasing inteirest variety of fields such as cell
biology, biotechnology, diagnostics, and pharmacy.
Among the different technologies for capsule faddran, the layer-by-layer (LbL) technique
introduced in 1993 for the formation of thin planffdms has emerged as an interesting
approach to produce micro-/nanocapsules with &dl@rchitectures and properties.
This chapter provides an overview of research wawkoted to the design and synthesis of
LbL micro- and nanocapsules.

The first part of the chapter describes the Lbleaddy technique as a method for the
preparation of nanoscale films from polyelectradyté synthetic or natural origin.

Next, the focus will be on polyelectrolyte adsaoptionto colloidal particles followed
by core removal, resulting in the formation of b@ll capsules. The different colloidal
templates used and interactions stabilizing thditayér film are described.

The potential applications of LbL capsules areused with a special interest in drug
delivery. Several techniques to incorporate tharage into the capsule interior as well as
functionalizing film surfaces to protect them dgri@dministration whilst directing their
content to the target site are described. In génémag release from hollow capsules can be
controlled by modifications of membrane permeapilibased on changes in the
physicochemical properties of the films. The lattan respond to stimuli such as pH, ionic
strength, temperature, etc., which may improvettbatment of many diseases. There are,
however, several challenges that must be addrésgerk this goal can be achieved.

For biomedical applications a prerequisite is te bedegradable and biocompatible
materials. The currently investigated LbL capsutesle from polysaccharides, proteins and
polypeptides are reviewed. This allows one to aefime context of the study and the aims
which were taken upon realization of this work.

The final part of this chapter focuses on the lgaal and physico-chemical
properties of the main polysaccharide used in thwk for LbL capsule fabrication;
hyaluronic acid.
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1.3.Layer-by-Layer (LbL) technique

The concept of constructing thin films by the d&apon of two oppositely charged
species was originally proposed by ller in 1968ince the early 1990’s this has been
developed extensively by Gero Decl@r He introduced the concept of forming layers of
oppositely charged polymers i.e. polyelectrolytd3E) by the Layer-by-Layer (LbL)
technique creating “polyelectrolyte multilayer f#f It is generally accepted that the
electrostatic interactions occurring between oppbsicharged PE is the principal driving
force for multilayer assembly. The usual way ofyetéctrolyte deposition is the following:
when a solid substrate with a positively chargeghal surface is immersed into a solution
containing an anionic polyelectrolyte, a layer aflyanion is formed which reverses the
surface charge; after a rinsing step to removessxnen-adsorbed polymer, the adsorption of
polycation is carried out. One layer of polyanioapdsition followed by one layer of
polycation deposition is defined as a “bilayer”. $Nimng steps and the whole procedure is
repeated until the desired number of polymer layensiing the film multilayer is achieved

(Figure 1.1)

B
o Ry
40’0, %G 2 '
6 o, 0
{ ) - i |
i o 2
R (L w

Figure 1.1.Build-up of the polyelectrolyte multilayer film kthe consecutive adsorption of anionic and cationic

polymers (multiple repetition of the steps for dbitag desired number of layér)

As well as other techniques like spray-coatiagd roll-to-roll processiffghave also been

proposed as interesting alternatives to producetilaydr films with a higher speed of

deposition.

The alternative polycation and polyanion depositieads to the growth mechanism of the
multilayer system. When the mass and thickness wfilayer increases linearly with the

number of deposition steps, the film is said toileixla “linear growth regime”; in this case



CHAPTER LbL capsules made from polysacchariddsblography review

polyelectrolytes from the solution interact exciaty with the outer layer of the film without
diffusing into the architecture. If the film thickes and the amount of adsorbed
polyelectrolytes increase more rapidly than lingavith the number of deposited layer pairs,
the film shows an “exponential growth regime”. Inist case the structure is much less
organised than a linearly one, with an inter-peatgn of adjacent layers. Such films were
mainly observed when the LbL multilayer build-up svearried out with participation of
natural polymers (polysaccharides or polypeptit®s)vhereas it was shown that the linear
growth generally appears for synthetic polym&rs

Chemical structures of principal synthetic and raltpolyelectrolytes used for LbL assembly

are presented ihables 1.1and1.2 respectively.

Table 1.1.Synthetic polymers for LbL film formation.

CHEMICAL
SYNTHETIC POLYMERS
STRUCTURE
Poly(styrene sodium sulfate) !
PSS
0 SOq°
pd
O -
Z Poly(acrylic acid)
;‘ 11-18 n
= PAA COOH
O
o O.._ONa
Poly(methacrylic acid)
PMA 19-24 CH
Poly(allylamine hydrochloride)

PAH®713.17,24-33 L
0 NH3
5
= Poly(diallyldimethylammonium chloride) +\U/+
6 PDA18,34—38 /N\ cl”
> HC T CH,
o
a

Poly(ethyleneimine) ‘[‘n\ A ”2\']}”*
5,39-41
PEI NH,
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Poly(L-lysine)
PLL 5,9,42-47

NHaBr

(1

Table 1.2.Natural polymers used for LbL multilayer formation.

POLYSACCHARIDES

CHEMICAL STRUCTURE

POLYANIONS

COOH H H
. H 0
Alginate*®? H 0 oH HoA\H

ALG OH HO COOH o

0
L H H dnL H n

T—CH
1)
Dextran sulphate'®>* Ho 0
DEXT 050z oM
aH
0H [ (Ma+g
050

ONa 7]

OH

0
|_o
Hyaluronan or hyaluronic acid*"* o A\ Hog Q
HA
L H NH
= n
0
CH,
RO OR
-0
Carboxymethy! cellulose 0
OR

cMC*®

n

R=H or CH,COH
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QOH
G [0__HLOR,
'\—\____O __J H H; .J_'D — .
Heparin *°

OH

S0y

o]
Carrageenart’*® 0{
OH
080y
CH,CH [ CHOH ~— | CH;OH

2 o )—0 o OH
% OH 0| foH o
= Chitosan and its derivatives
< CH 32,48,49,51,59-62
g_) NH, | NH; _|n  NH
-
g_) Chitosan

Natural polymers generally show low or no toxicitjow immunogenicity,
biodegradability and good biocompatibility. Theiringipal disadvantage are problems of
variability in structures and properties as wellpasification processes after extraction from
living organisms or plant& Biopolymers are generally weak polyelectrolytesly partially
charged), lead to exponential growth of the LbLm&l and give soft, highly hydrated
structures such as HA/CH, HA/PLL filt?®*®® These properties are thus strongly different
from those of films made of synthetic polyelecttely (such as PAH/PSS), often exhibiting

linear growth with well organized layered structarel good mechanical propertie¥’.

1.4. Application of the LbL technique to the
synthesis of microcapsules

The capsules in the micrometer to millimetre rarage already fabricated by many
available technologies including complex coaceorgtiin situ polymerization, solvent

evaporation from emulsions, spray dryipglling, extrusion, gelation, etc.%®
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These micro-/millicapsules find applications in ieas fields such as pharmaceuticals,

agriculture, food, textile and cosmetics for cefimobilization, beverage production, drug

release, soil inoculation, nutrition, etc...(s&gure 1.2)°%%

MEDICINE | VETERINARY
y

[Foop | ! HOUSEHOLD &

PERSONAL CARE
FEED -
_ |‘“ » BIOTECH
ELECTRONICS | PHARMACEUTICAL

GRAPHICS &
PRINTING

~* CHEMICAL
INDUSTRY

AGRICULTURE
TEXTILE WASTE
TREATMENT

PHOTOGRAPHY

Figure 1.2.Areas of applications of polymer capsufés

LbL technique allows the preparation of capsulesvinich the wall structure can be
precisely controlled. Capsules are thus charae@rizy well-controlled shape and size,
thickness and roughness of the shell which may adenof various material compositions.
Incorporation of functional species at the surfacé the “nanoshell” such as
biomacromolecules, lipids, dyes, nanoparticles ksabtuning their physicochemical
properties with high precision. The modification tfe inner walls ensures a micro-
/nanoenvironment for specific materials.

The LbL approach for capsulation is a promisinglehge in the high technology field"?

1.4.1.Principle of synthesis

Microcapsules prepared by the LbL polyelectrotygposition were introduced in 1998
by Sukhorukowet al’>. The principle of preparation was similar to attgavell known LbL
PE deposition on planar surfaces, but oppositetygdd polyelectrolytes were adsorbed onto

colloidal particles as a template instead of agaupport.

10
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The general procedure for preparation of LbL hollapsules is presentedfkigure 1.3

The colloidal particles are alternatively immersetb the oppositely charged polyelectrolyte
solutions, with washing steps before the new PIerlay adsorbed. After deposition of the
desired number of layers, the core can be remoesdlting in the formation of hollow

capsules.

-v\/\r \'
Negative £ Positive 2
polyelectrolyte polyelectrolyTe
>

R

Colloid template
AR ‘,i"t‘ -
¢ C
ore removal
Hollow capsule Coated template

Figure 1.3. Polyelectrolyte multilayer deposition process aubsequent core dissolution resulting in the

formation of hollow capsules.

1.4.2. Template

The choice of the colloidal particle is a key siefabrication of hollow capsules.
Many aspects like stability of the core during Lptocess, conditions required for template
dissolution and patrticle size and shape shouldabefully considered.
Commercially available colloidal particles, as wels particles synthesized in research
laboratories can be used as organic, inorganicia@odcal templates for the synthesis of
hollow capsules.Table 1.3 presents different templates together with thearmproperties,

which have been used for LbL formation of capsules.

11
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Table 1.3. Templates used for the preparation of hollow pagtblyte capsules.

i Size : . Problem
Particles Shape | Monodispersity . .
[pm] upon dissolution
Polystyrene latex ] Mechanical stress, residueq,
P 13257374 0.1-5 spherical excellent organic solvent for
decomposition
Melamine ) )
. Mechanical stress, residueq,
formaldehyde (MF) | 0.3-10 spherical excellent low pH conditions for
25,35,75 decomposition
Silica (SIO,) . Aggregation, harsh
20,23,76 4-100 spherical Good-excellent | ~onditions for
decomposition (HF)
Gold nanoparticles | 0,030- spherical ow Aggregation, toxic solvent
19 0.05 for decomposition
Liquid droplets ]
. 1-35 spherical Very low -
Liquid crystal )
droplets®™ 1-10 Spherical low Ethanol for decomposition
s ) Dissolution of template is
Gas bubbled 1-20 spherical low not required, but bubbles of
the gas present low stability
CaCOgz, MnCOg, Spherical, ] There is no osmotic .
3-8 medium pressure, since small ions
cdcog*® crystalline easily diffuse across
multilayer membrane
Red cells are removed by
Biological cells Biconcave treatment with strong
32,62,81 5.5-7.5 shape good oxidizing agent (NaOCI)
P which can cause wall
destruction
Squares,
Drug crystals _
e 0.1-45 | triangles, low -
rectangles
Magnesium oxalate
_ Squares,
UEITENEEL 13 rectangles good No osmotic pressure, but the
(MgC,0,4x 2H,0) shell shrinkage is observed
26
Hydrogel beads 16-170 spherical Very low -
47,86

As can be seen froffiable 1.3 none of the templates meet all requirementsrimdeof size

monodispersity, mild conditions for core dissolatior colloidal stability. Each of the

12
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sacrificial cores has certain limitations assodatéh its applications. The use of PS particles
requires solvents such as tetrahydrofuran (THFg&momposition. Moreover, the swelling of
the PS cores during removal can lead to rupturia@folymer capsulds MF particles are
chemically decomposed under acidic conditions (pH) lor in organic solvents e.g.
dimethylsulfoxide. Some of the oligomers producediry MF dissolution are generally
retained within the polymer capsule walls, whichhat desired because of their biological
incompatibility*>>***#% |Inorganic cores like SiOparticles completely disappear in a few
seconds under dissolution but require the use zdrdaus HF acid. Gold nanoparticles are
removed upon exposure to toxic potassium cyafideThe dissolution of inorganic crystals
such as CaC§ ) MnCQ;, CdCQ can be performed under mild conditions. If tharfed ions
do not form a complex with the shell polyelectobstethey easily diffuse through the
membrane, eliminating osmotic probl&rf* However, these templates are often porous, and
during deposition of the layers, the polyelectrelytan diffuse inside forming inter-

&89 similar to the case of silica partictésGas bubble8 do not require specific

71

complexe
solvent, but they show low stability, lower tharolbgical cells "= with mechanically

sensitive walls. Often too large size and non r@gehape of the templates excludes them
from potential applications, since the use of helloapsules as potential drug vehicles
requires small size and allow homogenous diffusimough the membrane; in case of cubes,

the release velocity through the edges in compatisavalls is different.

1.4.3.Interactions used for multilayer construction

Most of the interactions between adjacent layees aeated by using electrostatic
attractions[28, 32, 40, 91-93], but there are mather kinds of interactions which can be
used to form multilayers: hydrogen bondihg*>®! host/guest interactioffs specific
biomolecular recognitiofi§ or covalent bond$® The examples of each type of bonding are

illustrated inFigure 1.4.

13
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d)

Figure 1.4.The illustration of different interactions withihe LbL shell: electrostatic (a), hydrogen bondiby (
specific (c), covalent bonds (d), and host-guést (e

Hydrogen bonded multilaye?s®®***! can be formed when the hydrogen present in one
polymer gets associated with an electronegativen ato the second polymer of the next
deposited layer. Large number of such weak hydrdgemds between adjacent polymers
enables formation of polymer film sensitive to pHanges, such as PVPON/PMAA
capsule®€’. Capsules functionalized withiotinlated PLL-g-PEG adsorb streptavidin as a
consequence of specific biotin-streptavidin intécars.

The formation of covalent bonds between layersaallthe use of neutral polymers with the
same charge. It has thus been shown the possitailidptain capsules from PAA copolymer
with either alkyne or azide functionality usingolichemistry”. The covalent bonds between
epoxides of PGMA and amine groups of PAH were stabl extreme pH and high
temperature capsule conditiéhsThe formation of stable borate-glucose compleassa
result of charge transfer has been advantageopplied to capsules which are sensitive and
reversible as a function of glucose concentrdtidh

The other type of capsules involve host-guest attéwns between cyclodextrins (CD) and

97,98

ferrocene’” " showing multi-responsiveness to environmental @iirand the specific base-

pair interactions of individual DNA strands haveeberecently exploited to produce

functional, biodegradable, biocompatible molecelrsoré® %

14
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1.5. Applications of the LbL based capsules

Creation of new LbL nano-/microengineering capsudesstablished as a relatively
easy way to produce vehicles which can find appboain many fields, among which the
largest interest is found in biotechnology and roied.

Up to now, there are no commercially available ogssfabricated by the LbL technique.
However, the promising perspectives bring contirsudavelopment in this direction. Large
possibility of modifications of capsule propertiasluding their size and shape, composition,
shell thickness, permeability, stiffness and sigbinakes these assemblies an object of a

great interest.

1.5.1.Drug delivery

The multicompartment structure of microcapsulesvel as their potential to change
their behaviour in response to external stimuli esakhem interesting candidates as drug
delivery system.

Delivery and controlled release of drugs requiiesetligent systems” which first enclose an
active substance, then go to the required regioth@fbody and liberate the content with
preserved bioactivity. The role of such system®isbtain the maximum efficiency of the
drug without unwanted side-effects. To achieve fual, it is necessary to overcome many
“obstacles” related to fabrication of suitable aaps, their functionalization, and analysis of

their properties before introducing them at a comumalevel.

a) Encapsulation

As shown byFigure 1.5 different strategies have been proposed to loatkmals
(macromolecules, nanoparticles) into the LbL capsul

15
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a)
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Figure 1.5. Different methods for encapsulating materials:a@saclation of crystalline particles (a),

incorporation in porous materials (b), and loadingformed capsules (8.

* Assembly of multilayers on crystal, or aggregatesfahe desired substances

Perhaps, the simplest method consists of coatiygjals or agglomerates of the desired
compounds with a multilayer film. However, apptioa is limited to compounds which are
insoluble under conditions used for multilayer dgpon and forming crystals of the same

sizeLes

* Pre-adsorption or co-precipitation of a substance th template

Another technique to encapsulate compounds is tlggirecipitation during template
synthesis or adsorption onto the surface of higldgous templates, followed by coating the
template with polyelectrolyte layéf$®1%

For non-porous particles, a possible strategy iside “transitional complex”. Molecules

possessing a multivalent charge can form trangitioomplexes with some macromolecules.
Such a temporary precipitated complex is depositethe particle and then covered by stable
polyelectrolyte multilayers. After core dissolutjdhe precipitated transitional complex, as a

first bilayer, can be decomposed under conditiohere/ the outer polyelectrolyte shell is

16
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stable. Multivalent ions are small enough to diéfumut of the shell and leave the capsule,
whereas the macromolecules of the temporary comptdymer have too high molecular

weight to be able to escape from the multilayere Tdtter, thus, stays in the interior of the
capsule. This method gives one more possibilityldad the capsules with desired

macromolecule€,

» Loading pre-formed capsules

Finally, it may also be possible to load hollow sales by diffusion of materials
through the walls from the exterior to the interadrthe capsules. In this case we can apply
the “sucking” of the substances from outside i interior, or “switching permeability”.

In 2005 Liu et al published a relatively fast and high-yield mettHod loading of anti-
cancer drugs (doxorubicin, DNR) into the interidrhmllow capsules. This phenomenon is
attributed to the presence of traces of negatiwbigrged PSS/MF complexes within the
capsule interior, formed by PSS polyelectrolytenfponent of the capsules) and the rest of
MF after its dissolution. The positively chargedsiance present outside of the capsule is
“sucked-up” into the interior by the negative cleagf PSS/MF complex spacies resulting in
an interior concentration several times higher tbaftk solution, this method was called
“spontaneous deposition”. The spontaneous accuinngdf the charged substances leading
to high concentrations of the biomolecule inside tapsules was also observed by other
author§®>?,

A more general technique of loading substanceshmegoreversible opening and closing of
the capsules. This approach requires a multilaybos& permeability can be varied in
response to external stimuli. This is based ondiseuption of the multilayer assembly in
response to changes in environmental conditiortse cBpsule shells can be opened to allow
diffusion of material from the surrounding mediumbhen the active substance is in the
capsule interior, the pores are then closed tanrdtee compoundHigure 1.5.9. Such
stimuli-responsive multilayers for encapsulatiovénattracted a lot of interest among other
approaches, since this method can also be expléatedontent release. The “intelligent”
closing and opening of the pores in multilayer ctiuees take place under pH changes of
solutions containing suspended capsules, salt otmat®n, solution polarity, and

temperature.

17
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Encapsulation by the change of environmental pH lanapplied when the multilayer

contains at least one weak polyelectrolyte of wiulshrge density strongly depends on the pH
conditions. When the pH of the environment incread®ve the pKa in case of a polybase, or
becomes lower than pKa in case of a polyacid, tiigetectrolytes lose the charge reducing
electrostatic interactions. This may lead to theelbmg of capsules and their subsequent

disruption as illustrated iRigure 1.6.

nﬂf

-/
e 6L
PAH less

charged

Global compensation Electrostatic repulsions
of charges between negative charges

Figure 1.6.Swelling of the capsule in basic conditions dueletrostatic repulsion between negative charges
of PSS%.

The switchable permeability of capsules as a foncof pH has been reported by several
authorg®19%1%7
From a pharmaceutical point of view, it is necegsartake into account the pH of the target
object where capsules should deliver the bioaciestances. The pH of such objects such as
vagina, extracellural matrix of tumours, inflammataegions or intracellular vesicles is
slightly lower (except of the stomach where pH=1#2an the pH of serum i.e., pH=7.4.
Creation of capsules which are stable in bloodrél#ase their payload at pH just a half unit
lower is a big challenge. Until now, there are aoy capsules meeting this requirem&ht
Similarly to pH, the variation of salt concentratican also be used to encapsulate
materials. When a polymer participates in multitayjermation, variation of the overall
charge occurs as a result of interactions between dppositely charged polymers and
electrolyte ions in the polymer films. The salt addo the external solution of capsules can
cause some swelling of the multilayer due to threesung of electrostatic interactions and if
the concentration of the salt is relatively highe tswelling can lead to decomposition of
multilayers into individual initial components. fFexample, the PSS/PAH capsules remain
impermeable for labelled PAH polymer at,M70x1Gg/mol when they are incubated in

solution with low salt concentration up to 5.20 mldhove this value they became
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permeabl&®. Considering physiological conditions, the concatiin of NaCl in the blood
plasma is approximatelly 0,15M and there is litthriation of ionic strength in the human
body"®, thus the tuning of the capsules which are ableptn/close their pores as a function
of small changes of salt concentration is an isduhallenge.

The incubation of the polyelectrolyte capsules aious temperatures influences the chain
diffusion in the multilayer shell, changing theustiure and properties of the capsules.
Koheler et aP’ observed changes in multilayer thickness and spetmeability after
incubation of PDADMAC/PSS capsules at temperat@tevben 25-50°C. Upon heating, the
capsules became impermeable to dektfar{M,~10x1Gg/mol), since the shells shrink and
simultaneously thicken and more dense. It has Bbewn that heat incubation can be used
for encapsulation of both neutral and charged nubdscinside the capsulesigure 1.7).

iﬁcﬁ‘."‘-ﬁtq addition of
% molecules
% Y ———tp
1 o (a) .

s

Figure 1.7.a) Incubation of polyelectrolyte multilayer cafesuin a solution of the desired compound, b) The
mixture is heated until the capsules shrink so milzi the shells become impermeable for the modscul

leading to entrapment; ¢) Removal of surroundingecues by subsequent washing st€ps

If the multilayer shrinks, it is possible to enaobioactive molecules as a result of more
densly packed chains and densify. The moleculasncalonger move out and thus remain
encapsulated inside. Improved mechanical stabday protect the filled capsules from
external forces e.g., shear or compression andcalseffect cell adhesion behaviour.
Similarly, an increase in layer thickness with @rdase in capsule diameter upon heating
was also observed by other autitré

Since some polyelectrolyte complexes are insolublevater and soluble in ethanol, by
changing the ratio water/ethanol of solution fazubation of LbL capsules, one can observe
changes in their structure and hence in their pabifity. PSS/PAH capsules were placed in
ethanol solution to allow the diffusion of modellyoers (Dextran (Mw ~77xT0and
2000 x18g/mol, proteins, PSS and PAH) into the interiothe capsules, and then the pores

were closed by washing with wat&t
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b) Surface modification

Encapsulated medicines should be transported &teylar site or specific cell type in

the body and then released without affecting therotissues or cells.

Two strategies can be used for drug targeting: spmeific targeting and specific targeting.

In the non-specific or passive targeting, the eamrug complex is often delivered to
macrophages or the other cells of monocyte-phagosytstem, which leads to gradual
degradation of the drug-carrier complex duringuation in the blood or tissue environment.
Specific or active targeting involves release atgstte of action, avoiding earlier degradation.
In order to avoid non-specific uptake of the capsudfter their administration into the body
and to be later delivered to specific cells orugssthe immobilization of specific recognition

groups has been reported.

» Control of non-specific adsorption

Drug carriers after introduction in to the blooadgha interact with proteins which lead
to uptake by phagocytic cells and degradationnipsheir activity. Hereby, it is important to
protect the carriers from unspecific interactionsthwmacrophages and undesirable
phagocytosis to keep bioactivity of the entrappedyd
Zahr et af'*' modified the surface of the PSS/PAH capsules hialemt bonding of poly
(ethylene glycol) (PEG) with PAH as an outermosieta PEG coatings create a cloud of
solvated hydrophilic and neutral chains at theiglartsurface which can repel approaching
plasma and blood proteins. In the reports of Te¥tdt PSS/PAH capsules was covered by
layer of copolymer of poly(ethylene glycol) graftedly-L-lysine (PLLg-PEG).

Comparison of the capsules adhesion by serumisgliesented ifrigure 1.8.
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Figure 1.8. Phagocytosis of coated LbL microcapsules by dénddells, capsules made from PSS/PAH
polyelectrolytes: (a) PSS-coated microcapsulesP(l)-g-PEG coated microcapsules. FITC labelled Rié&s
used for capsule synthesis to enable CLSM visu#diza Arrows indicate the sites of capsule placeinécale
bar=5Qum*.

From the figure, it can be observed, that capsolaede from PSS/PAH with PSS as the
outermost layer were efficiently adhered on thdscehile the same capsules protected by
(PLL-g-PEG) “corona” largely resisted internalization.

The incorporation of some proteins onto the patslirface can also reduce non-specific
uptake. Fischlechnet al™? constructed PSS/PAH particles coated with lipidheane with
incorporated protamine sulphate particles. Thisesgyould avoid undesirable interactions.

» Targeting

Various types of groups such as antibodies, virumad carbohydrates have been

incorporated onto the surface of capsules to aetspecific recognition of appropriate object.

Antibodies

It has been observed, that glycoproteins preserih@rcancer cells differ from those
from healthy cells. They can play the role of antigem, which should be recognized by
specific antibodies. The biofunctionalization ofrjpaes with specific antibodies determined
as “huA33 mAb” which are able to bind cancer antigA33” allowed the transport of
therapeutic-loaded vehicles to infected tissueshaut non-specific uptake by healthy

organs/cells leading to side effets
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a) b)
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Capsule with incorporated
huA33 mAb ~a

23

cell with A33 antigen

call without A33 antigen
Figure 1.9. Model of the cells with a) and without b) “A33" agen. Capsules with incorporated antibody are

able to recognize only the cell with specific aatig®.

Viruses

For reproduction, specific binding between virabtpins and specific receptors on the
host cellular surface is used; it is a potentiedtsgy to introduce these viral proteins on LbL
capsule surfaces to recognize a host cell/tissue.
PSS/PAH particles coated lipid membrane with inocaped “rubella-like” virus particles
(Figure 1.10) were constructed to bear the funefipnfor the facilitation of cell membrane
passage. The results showed that the capsulesimtiobilized viruses found target cells

contrary to capsules coated with only lipid memberdh

stepwise adsorption of polyelectrolyte molecules
on dissolvable templates removal of the core

RLP.decorated
lipid-coated LbL colloid
ARLLLEETT)
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lipid-coated capsule liposome

Figure 1.10. Protocol for engineering virus functionality. TRES/PAH coated particles were incubated in

the liposome vesicles solution to accomplishlifid membrane and incorporate viruses particfes
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Carbohydrates

D-Galactose is a well known targeting molecule adirg to the hepatic cells. PNA
(peanut agglutinin) lectin binds preferentially feD-galactose or galactosyf-(,3)N-
acetylgalactosamine. Thus, the poly(vinyl galactosestereo-methacryloxyethyl
trimethylammonium chloride) PGEDMC was synthesizetb obtain PGEDMC/'PSS
capsules which have shown to specifically inteveith PNA lectin**.

The same capsules can be functionalized to avoitspecific uptake by serum
proteins and on other hand they can also be fumalied to allow specific interaction with
other required proteins. These capsules coveragtdfied poly-L-lysine (PLLg-PEG) have
been additionally functionalized with biotin forespfic recognition and complexation of the

required protein — streptavidih

c) Release

The release of the drugs can occur according ferdiit mechanisms which depend on
the requirements of diseased organs.
The loaded substance can quickly leave the capsugeresult of a sudden break of the film
structure (burst release). Due to the fact thatfdlse release of drug in a burst stage can be
pharmacologically dangerous, the sustained rel@adended release) system which implies

slow release of the drug over a time period isrddsi

* Burstrelease

Medicines are sometimes most effective when thewttrapidly and directly the
diseased organs/cells. From this reason it is elbsthat the filled capsules are first
internalized by the cells to spontaneously rel¢hseontent in a later step.

Burst release of the capsule content can be adhigyehysical and chemical stimuli.

One of the processes involves the irradtiationrepe®>**® Near infrared (IR) laser light
was applied to open PAH/PSS polyelectrolyte shills gold®® or PDADMAC/PSS capsules
with silver nanoparticlé$® incorporated within multilayer. Upon irradiaticthe nanoparticles
infiltrated into the polyelectrolyte shell absohetenergy and transform it into heat, leading to
local destruction of the multilayer system. The tahce can thus leave the interior of the
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capsule Figure 1.11) 8 The bioactive encapsulated material can be retehy a laser

pulse without damaging their activity

Release
—

Figure 1.11.The capsules under laser irradiaffon

Following the laser irradiation damage of the cégssis presented belowifure 1.12

Figure 1.12.Irradiation of capsules with laser pulses. SEMde®of capsules: (a) before irradiation, (b) after

radiant exposuf&

This opening method is promising for the treatnm@rtumour cells. Chemotherapy generally
tends to kill diseased cells, at the same time dargaother cells in the body. To avoid the
destruction of the healthy cells, it is importaatttansport the drug to targeted cells and
release the substance there. Preliminary studigerped on cancer cells established the
feasibility for the capsules to deliver their camiti cancer cells by the use of laser light

Gold coated cobalt nanoparticles were incorporated the PSS/PAH multilayers and
nanoparticles were then disrupted by applying arllasng magnetic field thereby allowing
diffusion of macromolecules. The vibrating magnetanoparticles induce opening of the
polymer matrix™®.

An easy and fast release of the substance carbalaghieved by ultrasound irradiation that
breaks up filled capsul&8*#

Besides physical stimuli, we can distinguish chexngtrategies *>*?*for destruction
of the interactions between the layers or degradaif used polymet5™®
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The disulfide cross-linked PMA/PVPON capsules, wWhichemically decomposed after
contact with dithiothreitol (thiol-disulfide exchgef'. Glucose-sensitive polyelectrolyte
shells, fabricated from PSS and a polycationic melly modified with phenylboronic acid,
were decomposed in the presence of suggigufe 1.13°. Phenylboronic acid became

negatively charged in the presence of glucose.

Figure 1.13. Mechanism of the glucose-induced decomplexatioa pblyelectrolyte bilayer. The red circles
represent the negatively charged PSS, and the dihgkes represent the amino groups with uncharged
phenylboronic acid (green circles). After treatmeiith glucose the repulsion occurs as the resuhegfative
charge of borat&.

Enzymatic degradation of films on the planar swefdas been applied to multilayers
constructed from chitosan or hyaluronic 4¢i&

In the case of capsules, CH/DEXS multilayer desitons was observed after contact with
enzyme responsible for chitosan cleavage - chiesanDegradation of the polysaccharide
capsule was shown after 4 days, while in the peseh chitosanase enzyme (37°C) it was
much more rapid (after 5min visible changes). Lamperature was less effecti%eThe
other, cross-linked HA/PLL capsules showed higheotgin release in contact with
hyaluronidase (an enzyme which degrades HA by nmandwdrolysis of p-N-acetyl-

hexosamine-(1> 4) glycosidic bonds leading to oligosachcariffes)

+ Sustained release

The release of the payload from LbL capsules caprbeided by simple diffusion
through the wall pores of which size can be vasediifferent conditiorf$49->1:104.108-110,123
For this aim we can distinguish external and isigdnparameters which influence the
multilayer structure, then permeability of the wgatlan be used to control the rate of drug

release.
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As discussed above, external parameters such gspshland temperature can largely

influence the permeability of capsules. This capsutsponsiveness can be used for
encapsulation of material as well as for its resE4s

Moreover, intrinsic parameters such as wall thisknagnd its chemical structure can also have
strong effects on the rate of diffusion of molesulencapsulated in the capsules. The
additional deposition of layers slow down the sabse releasé®*!*2110124  Ag jllustrated

in Figure 1.14, adding further layers to the shedd to a reduced rate of release for the
enclosed insulin molecules. The additional laylrsstact as an extra barrier which hinders

diffusion of molecules through the wall.

100

—m— 0 additional bilayers
—e— 2 additional bilayers
—a— 4 additional bilayers

Cumulative release (%)

0

0 100 200 300 400 500 600 70O 800 900
f (min)

Figure 1.14. Release profile of insulin from (ALG/CH)5 micrqusules coated with additional layers after
loading™.

Cross-linking through condensation reaction of clamgntary groups located on adjacent
layers constitutes another possible way to stabtlie structure of the capsule walls, thereby,
limiting the release. The relatively high permeipiin the case of non cross-linked capsule
walls becomes limited after formation of covalenbndls, which causes a compact
structuré“'® Furthermore, it has been observed, that cro&mbjnprotects capsules against

enzymatic degradation which can be a promisingpeets/e in retarding drug release as a
result of naturally occurring enzymes in the body.

In conclusion, several strategies have been praptaseontrol the release of drugs from

capsules. However, in all cases, it is importansttaly the behaviour of the permeability

vitro, which gives the essential useful informationl&der introduction into the body.
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1.5.2 Microreactors

In 2002, Dahne et al. carried out a copolymerizatieaction inside of the PSS/PAH
capsules (diameter 5.@dh). The hollow capsules were permeable to monomeesctants
such as styrene sulfonate (SS) and methacroyloyeitbcarbamoyle rhodamine B (MRho).
The reaction in the presence of30g (temp. 80°C) as initiator yielded polystyrene witky,
~120x10g/mol labelled with MRho.

= i 0
H20, 82032' \‘)‘\o/\/c’\/n\\
-

MRho  HiCw
SOsNa* O3 Na® )
ss PSS C2ehi

Figure 1.15. Structures of the monomers used for the synthaspolystyrene labelled with rhodamine B,

reaction occurs inside the capstfés

The capsules were separated from excess of polggeentrifugation and oligomers were
removed by dialysis. They were not permeable fghhM, of synthesized polystyrene
polymer in the capsul&S.

Bioreactions in multicompartment capsules has bperformed by introducing various
components into the same microcapsule separatedniey wall and then their mixing and
leaving of the content. The capsules were baseghavuter compartment built up around the
inner one. The shell-in-shell capsules had a teite¢ ranging from 8—10n with an inner
shell diameter of 3-m.

The last outer shell was formed by re-precipitatafnCaCQ on the inner shell which
contains the metal nanoparticles adsorbing the lage. Destruction of the barrier between
contents of the two separate compartments occbydaiser impulses, allowing the mixing of
two substanced=(gure 1.16. It is a promising method to initiate bioreacson very small

microcompartment$’.
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o —TRITG-cextran

FITC-dextran
shell-in-shell-capsule single-shell-capsule
(separated components) (mixed components)

Figure 1.16. Schematics of the shell-in-shell polyelectrolyteultiteyer capsule and laser induced

inter-compartmentalized mixing and above theiriegjent CLSM image's’.

The capsules can also play the role of protectmrdibactive substances which should often
be “temporarily inactive” during travel time to tkergeted cell. When they have reached their
target, they can be activated and released.

Bacterial alkaline phosphatase (AP) (hydrolase emzyesponsible for removing phosphate
groups from many types of molecules) is known t@ble to convert the doxorubicin (DOX)
precursor in order to kill cancer cells. Sukhorulaival®® showed an example as a model,
how to use AP to convert a nonfluorescent substratefluorescein. AP, included between
the PSS/PAH multilayer shells, transformed nonvadto active fluoresceiri{gure 1.17)
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Alkaline phosphatase assembled
in polyelectrolvte multilayer

Accumulation of enzyme
product (flucrescein)

O

]
o L0 5e
o- O o] 07 -

Fluorescein diphosphate (FDP)

glkaline phosphatase

v

Figure 1.17. Enzymatic formation of fluorescein within polgetrolyte microcapsules catalyzed by an

encapsulated bacterial alkaline phosphatise

In the perspectives, the localization of capsuteslasired locations and drug productian
situis considered.

Mak et al’® performed different LbL capsules from differentrosg and weak
polyelectrolytes (PSS, Dextran sulphate, PAA, PRIE], PDA) studying their ability to be
potentially used as microreactors. The multilaydeposited on highly hydrated agarose
hydrogels provide excellent conditions for biochemhireactions, e.g. they show growth of
E.coli bacterium encapsulated within the microcapsuld®he use of small volumes for
biochemical reactions is desirable because it reslueaction time and reagent consumption,
thus reducing reaction costs. Microcapsules suggkmda solution would allow possibility of

a very high number of individual reactions.

1.5.3.Microsensors

DNA is a natural, biodegradable and biocompatildé/mer of which reaction with
other components can be controlled by the compwosdf the chain. It is possible to arrange
DNA bases in such a way that the DNA polymer adaptsloop” conformation. A
fluorophore and quencher were attached at positmnsuch a DNA polymer allowing

controlled intensity of fluorescence emission daraction of conformation (ofrigure 1.18
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red and grey ball). The moment, when the placenef“toop” will be fulfilled by another
matching object, the DNA will change its confotroa causing change in position of the
fluorophore and quencher. Depending on the distart®een the fluorophore and quencher,

a fluorescent signal may be induted

A | DNA Permeation
| and Hybridization

Figure 1.18. Biotin-functionalized system immobilized insideidin-modified polyelectrolyte multilayer-
covering nanoporous silica particles.By complexatigith a DNA sequence complementary to the loop, a

change of conformation occurred resulting in afssent signdl.

The versatile nature of DNA as a functional, biopatible, biodegradable and site-specific
building block paves the way to engineer new makefor biomedical applications, ranging
from therapeutics (e.g., targeted drug deliveryegiderapy, vaccine delivery) to diagnostics
(e.g., biosensing and imaging).

LbL based capsules are promising micro-tool foredhg low molecule concentrations.
There is interest in developing biosensors for rmwimg glucose level in relation to diabetes
treatment. Recently, glucose sensitive complexé§Qidextran/ TRITC-apo-GOx, where
apo-GOx is a glucose oxidase enzyme sensitivg-bglucose) was enclosed inside the
capsules. In the presence of glucose inside thsuteg the dextran was replaced from the
complex leading to changes in the transmitted enetigis was expressed in terms of
FITC/TRITC fluorescence percentage ratio. By caltiah of suitable fluorescence one can

estimate the level of the glucose in a given liviiygtem®®.
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In order to generate a capsule-based pH sensorirfaphthorhodafluor” dye (“SNARF-1")
was employed. The SNARF-1 dye was covalently aiddio dextran species (70 kDa) and
coprecipitated with N&Os/CaCh. The resulting CaCPparticles were then coated with
PSS/PAH layers. After carbonate dissolution, th@soges filled with SNARF-1 were
incubated in solutions at various pH values. Thevakmentioned dye exhibits a significant
pH-dependent emission shift from yellow/orange ¢emtred fluorescence under acidic and
basic conditions. After capsule uptake by thescetionitoring of the local pH inside living

cells is possibleRigure 1.19"2

c ..'--...--.-....-....-..-......'-..‘
o  ceu :
alkalinization ] ENDO-/LYSOSOME =
of the LETR :
cell medium R .
ﬁ .
.

*
neutral alkaline <% * shitonment ‘-'
environment environment *esssausssssssssnssssssnnsnnnnnns®

Figure 1.19.SNARF-loaded capsules change from red to greemefieence upon internalization by cells.
The capsules outside of the cells exhibit red #soence due to the basic pH of the environments@ep
remaining in the cell medium retain their red fleseence (red arrows). Capsules incorporated iratigic
endosome retain their green fluorescence (greerows)r Some capsules were incorporated in
endosomal/lysosomal compartments inside cells hwisiéndicated by their change in fluorescence frewh to

green (red to green arrow3)
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1.5.4.Semiconductors

Semiconductor nanocomposites have recently emexggaomising nanomaterials in
electronic technology. The incorporation of funofb nanoparticles into multilayer films
deposited on colloidal particles is an interesbbgect for optic and electronic properties.

For example, CdTe is a highly useful material féve tdevelopment of solar cells
(photovoltaics). Its drawback is the toxicity of T nanocrystal in case of inhalation or
ingestion. Once properly and securely captured andapsulated, it can be used in
manufacturing process.

In regard to this problem, it has been shown thatoparticles such CdTe(S) (cadmium
telluride with a trace amount of sulphide) canepiporated into the PSS/PAH capstiles

1.5.5.Waveguides

Polymerization of the porphyrin monomers in theyptdctrolyte multilayer capsules
leads to the formation of interesting satelliteslétructures consisting of hollow capsules with

cylindrical, radially directed nanotubés

Figure 1.20.SEM images showing satellite-like structures wightcal capsule core and porphyrin fibers (scale
bar = 2um).

Porphyrins are heterocyclic macrocycles, aromatmmounds; they are components of
haemoglobin and myoglobin; they are known for aggtlons as a dye, as catalyst in organic
chemistry and use in solar cells for convertingas@nergy into electricity. As optical
waveguide they have already found applications aalysts in chemical, biological and
medical fields.
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The porphyrin nanotubes protruding from the capsuléace can act as optical waveguides to
diffuse light from one end of the tube to the cad@saterior; such delivered energy can be

used for specific applications in the centre ofstag®".

1.5.6.Capsules in nutrition

In food industry, there is an interest in the usenrocapsules to protect, isolate or
control the release of a given substance. The sn&@pd substances can be flavours,
vitamins, polyunsaturated fatty acids, mineralsicaadants or functional ingredients.

The LbL capsules with significant mechanical siapilvere fabricated from food-grade
components. For this aim, the capsules preparetblhyadsorption of positively charged
protein fibrils and negatively charged high methoggctin (HMP) were adsorbed on oil
droplets which, were removed by freeze drying ilatar step. The size and strength of the

capsules can be controlled by emulsification preessnd by varying the number of lay&rs

1.6.Capsules made from polysaccharides

To date, most of the studies on LbL capsules haenlcarried out on synthetic
polyelectrolytes such as PSS and PAH. Owing toptitential applications of the LbL nano-
/microcapsules in the field of biotechnology andgidelivery, natural polysaccharides have
the advantages of biocompatibility, biodegradapilgnd bioactivity and are promising
candidates for capsule wall building.

Today, even if there are some reports with exampfegolysaccharides multilayer on the

plan ar su rfacse33’43’46’55'57’64’66’132'137

only little is known about the properties of
polysaccharide capsules.

The reason of some difficulties with capsules feddion is related with the physico-chemical
properties of the natural polysaccharides: vaiitgbdf the structures, high dispersion of
molecular weight of the chains as well as hydroplpitoperties.

Films containing polysaccharides exhibit exponérgimwth of the thickness® They are
more hydrated and mechanically softer than theithstic counterparts with linear growth.
The fact that natural polysaccharides are genera#lgk polyacids/polybases (low charge

density along backbone) leads to the formation edkvcomplex€s® Additionally, contrary
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to films formed on planar surfaces, the fabricattbthe capsules requires the use of a solvent
for template dissolution which, especially in cadepolysaccharides, can cause multilayer
destruction.

Current research work on polysaccharide LbL capgsoitevides information on conditions for
capsule synthesis and some of their properties.

The table below lists different capsules made fpmiysaccharides and derivatives, as well as
their principle properties.

Table 1.4.Polysaccharides in LbL capsules.

Components of the LbL Studied _ )
_ Microscopy images
capsule Template properties

Permeability as 4
function of pH,

Chitosan/Chitosan ME <alt corcentratior
sulfa_te59 and various
substances

Chitosan/Chitosan
Erythrocytes Wall texture

sulfate®
Cross-linked Si0, pH behaviour
, ;
, 60 (swelling,
chitosan shrinking)

100 nm

TEM
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_ ] _ pH responsive
Chitosan/Tannic acid***| MnCO; properties

DOX - anticancer
drug release
studies (different
pH
corresponding to
Chitosan/Alginate 8% CaCQ gas'?ric - nc?
intestinal
conditions —
respectivelyjn Sum
vitro andin vivo

study) TEM

pH responsive
properties,
influence of
Chitosan/Alginate> MF heatng: Increass
of the layer

number,
chemical cross-
linking (release
of the insuline)

Influence of

Chitosan/Alginate™*° PS cross-linking on

drug release

100nm
SEM

Release of
entrapped
biological
macromolecules
in two various
pH imitating the
stomach and
intestinal

conditions CLSM

Protamine/Alginate® MF
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Drug release as 4
function of
Ibubrofen multilayer
. thickness, crysta
cristals size, attwo
different pH:1,4
and 7,4

Chitosan/Dextran
sulfate *®

pH-responsive
properties of the
film,
enzymatic
degradation,
Chitosan/Dextran shell
permeability, CLSM

76,141 :
sulfate SIQ encapsulation

Permeability of
the
macromolecules
Protamine/Dextran at various

54 molecular weight
SUIphate MF and Charge,

permeability as &

function of

various pH and
wall thickness SEM
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. ; Mechanical
Protein/HMP QOil _
template resistance

Behaviour on

HA freezing and
disulfide pe:rzzgg}ﬁt’y in
Poly (L-lysine)/Hyaluronic -
y (L-lysine)/Hy cross different pH,
acid®’ linked enzymatic
hydrogel degradation,
cross-linking

CLSM

As it has been observed, the most often used pmlisaides for LbL capsule fabrication are

chitosan and alginate. There is only one exampli®fcapsules based on HA, however the
multilayers are chemically cross-linked to obtaiarenstable shefts

In this context, the studies on the synthesis efcidgpsules made from hyaluronic acid with its
unique properties are desired and they are denadegdtin the next paragraph.

1.7.Hyaluronic acid

1.7.1.Structure

Hyaluronic acid (sodium hyaluronate, HA) is a linenatural polysaccharide
composed of repeating disaccharide units eb4) - B linked D-glucuronic and &3)-

linked N-acetyl-D-glucosamine residuekable 1.2 The weight average molecular weight of
HA can vary from 10to ~5-6x10 g/mol.
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In the solid state, different helical conformatiomere demonstrated in which intramolecular
H-bonds stabilize the single- or double- helicahfoomation depending on the counterion
(H*, Na', K*, c&h) 42

Figure 1.21.HA structure [145]

1. View on the plan of helix,2

2. Perpendicular view on the plane of helix

3. View on the top of helix ( on the axis of
symmetry)

*oxygen atoms — red colour, nitrogen atoms — blleuco

The exact conformation in aqueous solution is mbteptablished. It is said that the individual
HA molecules are present in solution in random coitformation, but it is possible that for
the polymeric chain, dynamic hydrogen bonded regmxist, controlling the average stiffness
of the molecule. It was shown that the stiffnesshef chain decreases when the temperature
increases due to the dissociation of the hydrogenis.

The hyaluronan is a charged acid polyelectrolytégh whe distance between two ionic
carboxylic groups equal to 9.8A from the chemictducture in the extended coiled

conformation, but from the helical structure thstaince is estimated as 8 54
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lts intrinsic pK (pKa) is estimated by pH titraticemd is equal to 2.9+0"F*® When
decreasing pH by progressive addition of HCI, leiggéormed around pH 2.5 since degree of
dissociation of carboxylic acid groups decreaseguring intermolecular interactions and H-
bond network formation. Further decrease of thecptises the gel-sol transition related to the
protonation of the acetamide groups leading totedstatic repulsions.
Important characteristics for a polymer are its esalar weight distribution, the average
molecular weights and the related intrinsic visgodWlolecular weight distributiors related
to chain dimension in solution (i.e. the radius gjfration, Rg). The Size Exclusion
Chromatography (SEC) technique allows a very cotaptdaracterization of the polymer
from which it is possible to determine the relatm@tween molecular weight, and the gyration
radius or viscosity (in the solvent used for theCSthalysis 0.1M NaNg' 444

Rg(nm)=KM" eq. 1.1
Ry— radius of gyration
M- molecular weight
K, v — known parameters: K=0.048;0.55

1.7.2.Chemical modification

HA presents few functional groups which can be dbaly modified: primary

hydroxyl, acetamide, and carboxyl groupg(re 1.22.

Carboxylate Primary hydroxyl

OH

0]

n

/ CH4

Figure 1.22.The repeating unit of HA with its functional groups

Acetamide
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Acetamide can react only under harsh conditionaticrg reactive -Nkigroup. The drawback
of this reaction is depolymerisation. The -OH auvtable for sulfatation or esterification
reactions®.

The main chemical modifications of HA take a placethe carboxyl groups. An important
reaction is modification of HA via adipic acid dimazide (ADH) in the presence of a water
soluble carbodiimide N-(3-DimethylaminopropylN'-ethylcarbodiimide hydrochloride,
EDC) to obtain derivatives with reactive pendantrayide groups, HA-ADE® For
instance, HA-ADH can be further modified by methdicranhydride to be later chemically
cross-linked to produce hydrogéfs

1.7.3.0ccurrence in the living organism and its
functions

Hyaluronic acid is present in the human body ameoverterbrates, in some bacteria,
for example Streptococci.lt has been found at high concentration in roostembs.
Occurrence of HA in different animal tissues isgar@ed infable 1.5

Table 1.5.0ccurrence of HA in different animal tissues asccibntent'’.

Tissue or body fluid Concentration
(ng/ml)
Rooster comb 7500
Human umbilical
4100
cord
Human joint
_ ) 1400-3600
(synovial) fluid
Bovine nasal
) 1200
cartilage
Human vitreous
140-340
body
Human dermis 200-500
Human epidermis 100
Rabbit brain 65
Rabbit heart 27
Human urine 0.1-0.3
Human serum 0.01-0.1
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HA is found naturally in most cells in the humardipand occurs in high concentrations in
specific body locations.

The half-life of HA in tissues is less than 3 daM& undergoes enzymatic degradation by
hyaluronidase enzymes present in the human bodygans such as testes, spleen, skin, eye,
liver, kidney, uterus and placenta and body liqutdar liquid, blood and sperm#f-42

Besides enzymatic scission of hyaluronic acid chdimere are other non-enzymatic reactions
that degrade HA® such as free radical degradation, acidic and iakahydrolysi$®,
photodegradaton involving microwave, UV of-irradiation, thermal and ultrasonic
degradation. It is assumed that degradation of MAuman body is an effect of few agents.

However, the body constantly replenishes itselhwii.

Below is demonstrated the areas of the human bdurevhyaluronic acid is present and
plays an important structural and biological fuonti It exist in many forms, circulating
freely, tissue-associated, inserted into the egthalar matrix, thereby participating in the

preservation of the form and in the spatial arramget of tissue components.

Muscles  Join! capsule
Tendons
Synovial

Synovial luid
Synovial fluid

Bones/cartilage

e
(hyaluronic acid and collagen)

Conective tissue

Eyes

Figure 1.23.0ccurrence of HA in human body.
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The presence of high molar weight of HA at highaentration in the synovial fluid provides
necessary lubrication for the joint and shock gbison. The HA molecules can absorb a large
volume of water which expands in the extracelldpace, hydrates tissues and finally
maintains the moisture of the skin. In the lips, Wiah collagen gives shape and plumpness.
The fluid inside the eye, called the vitreous humsr composed almost completely of
hyaluronic acid. HA is responsible for the gekligroperty of the fluid inside the eye which
acts as a “shock absorber”.

Young skin contains a large amount of HA. With atpe, ability of the skin to produce HA
decreases leaving the skin unhealthy and wrinkled.

Besides its structural role in the connective #s3dA has many other functional activities.
Due to its specific binding to proteins and receqtoit plays important roles in
embryogenesis, signal transduction and cell mgtikind is associated with cancer diseases
and metastasi§’ >

Commercially available HA samples can come frommeahi sources (rooster combs) or
produced by bacterial fermentation. HA was previpusxtracted from bovine vitreous
humour, rooster combs and umbilical cords. HA mdpiced, on a large scale, by the bacteria

StreptococcugooepidemicuandStreptococcus eqwith high purity and good yields.

1.7.4 Applications

HA is used in various fields in medicine. Sincésibiodegradable and biocompatible
and highly hydrophilic it is ideal for applicatiam human tissues.
HA and derivatives find application in:
1) viscosurgery, to protect delicate tissues and pmevispace during surgical
manipulations;
2) viscoaugmentation, to fill tissue spaces, as im,skiuscles, vocal and pharyngeal
tissues;
3) viscoseperation, to separate connective tissueacmsf traumatized by surgical
procedures or injury, in order to prevent adhesiod excessive scar formation;
4) viscosupplementation, to replace or supplementighkiids, such as replacement of
synovial fluid in painful arthritis, to relieve pai
5) viscoprotection, to protect healthy, wounded,guried tissue surfaces from dryness

or noxious environmental agetts
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1.8. Conclusion

The main aim of this chapter was to review thenecesearch activities developed in
the field of LbL hollow capsules.
The versatility of the LbL approach has allowedraad range of materials to be assembled
on various substrates, on the basis of not onlgtrelstatic interactions but also hydrogen
bonding, covalent bonding, and other driving forsesh as host-guest, base-pair or other
specific interactions. The properties of the LblmB, such as composition, thickness, and
function, can be readily tuned by simply varying thipe of adsorbed material, the number of
deposited layers, and the conditions employed duha assembly process.
The unique advantage of multifunctional microcapsuh comparison to other systems is that
they can be simultaneously loaded/functionalizeth wlifferent components, allowing for a
combination of their properties in a single object.
The LbL microcapsules with integrated multifuncidities have a high capacity for loading a
wide range of substances and a sensitive respondevdérse stimuli, thus they are highly
attractive for applications in biotechnology andphacy.The suitable surface coating of the
particle may control the specific and unspecifitakp mechanisms into the cell. The ability
to remotely release the encapsulated material eatsite of interest makes capsules very
attractive in drug delivery. Their multifunctionadoperties can be also used to diagnostics i.e.
biosensing or imaging. Due to their small intewvallime, they can be useful as microreactors
in order to reduce reagent consumption for manyH®mical reactions. They can also
produce drugsn situ, upon reaching their destination, which would grgvthe random
release of potentially toxic material before reaghihe target.

For drug delivery, capsules made from biocompat#rid biodegradable polymers are
desired. To date, only a few examples of LbL cagsuatade from such materials are reported.
Capsules made from polysaccharides such as chjt@dgmate and dextran are mainly
described. The permeability properties as a functibexternal stimuli such as pH and salt
concentration have been characterized. These espsiién show non stable structures.
Current research in polysaccharide capsule symthssil requires development in the
construction and application of viable capsules.
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2.1. Chemicals

Hyaluronic acid samples having weight-average moé weights: N, = 11x16,
200x10, 820x1G and 1100x1%y/mol described as HA11, HA200, HA820 and HA1100
respectively, were provided by ARD (Pomacle, Frandéey were produced by bacteria
fermentation (bacteriaSpectrococcus zooepidemegusvailable as the sodium salt.
Polyelectrolyte polymers such as poly(allylamineltoghloride), PAH ( Mw~ 70x1Gg/mol)
and poly(L-lysine hydrobromide), PLL (M15x1G — 30x18g/mol) were purchased from
SIGMA. Chitosan at M =180x1G g/mol from Pronova (Norway) was used for the sgath
of quaternized chitosan (QCH) according to therditeré. The calcium chloride dihydrate
(CaCbx2H,0), sodium carbonate (MNa0s), ethylenediaminetetraacetic acid (EDTA), citric
acid, N-(3-DimethylaminopropylN'-ethylcarbodiimide  hydrochloride  (EDC), N-
Hydroxysulfosuccinimide sodium salt (sulfo-NHS)udtescein isothiocyanate (FITC), and
FITC labelled dextrans (dextrdff) with molecular weights of 4x2p 500x18, and
2000x18g/mol described as dextran-4, dextran-500 and @ex2000 respectively,
hyaluronidase enzyme (Hase) extracted from boveastes (type VI, ~337U/mg) were
purchased from Sigma-Aldrich-Fluka.

The synthesized products such as PAH HA™C are described in Experimental Section of
the publication situated in Chapter 3.

Buffers: Tris (Hydroxymethyl) Aminomethane (TRIS ffered saline) was prepared by
dissolution of salt in deionized water to obtaiocamcentration of 0.01M, the pH was adjusted
using 0.1M HCI. 0.02M 2-(N-Morpholino) ethanesulionsodium (MES sodium salt,
SIGMA) was prepared by titrating the free acid wWNAOH. Water used in all experiments
was purified by a Millipore Milli-Q Plus purificadn system, with a resistivity of
18.2 MQ-cm.
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2.2. LbL capsules

2.2.1. Synthesis

The procedure for the multilayer assembly on tHeiwan carbonate template followed

by the core dissolution is described in detail magter 3.

2.2.2. Chemical cross-linking

EDC/sulfo-NHS mixture was dissolved in 0.15M Na@H(6.5), the film coated
template was incubated in freshly prepared soluti@rnight. Different EDC concentrations
were tested (EDC/sulfo-NHS: 100/25, 400/100, 800/BI/mM, V/v).

2.2.3.Permeability

To demonstrate the permeability of capsule sh#iks,studies were performed using

dye samples having different hydrodynamic radiug @Rtained from literature d&ta

1 1 1
FITC ' Dextran ' © ' | Dextrar} ' < i Dextrar} ' <
! 4x1¢ a/mol | | 500x1C¢a/mol ! 2000x1¢a/mol
0.54 nm ! 2nm L | 15.90 nm i 26.89 nm R,
)

Hydrodynamic radius

Figure 2.1. The hydrodynamic radius of FITC and FITC labeliiesktran molecules at different,M*.

Depending on the size of diffusing dextran, thdedént concentration of molecules inside

and within the shells can be obtained, as illustrah Figure 2.2.
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Figure 2.2. Scheme of principally obtainable images for gjlsirsuspended shell in the presence of fluorescent

probes. The green color indicates regions of lowerhigher fluorescent intensity according to thealo
concentration distribution of the probe (outsidelktvall/inside). Black regions mean the absencBuafrescent

probes.

In our permeability experiment, before mixing wikffusing molecules, the hollow
capsules were suspensed in MES buffer (pH 6.5)nigte: The fluorescent molecules were
dissolved in buffer at concentrations of 1mg/mLTE€) and of 2mg/mL (FITC-labelled
dextrans). For permeability test in presence df 8&Cl was added into the MES to obtain a
concentration of 0.15M. Typically, 2QL of dextran solution was mixed with 2@L of
capsule suspension on a glass slide. After 20rancapsules were observed by a confocal
microscope (CLSM).

The images were analyzed using Leica Confocal Swéiviby the measurement of the light
emitted by the capsule interiorir{l and surrounding solution ¢). The permeability

coefficient (J./lext X 100%) was estimated as an average value frolcafisules.

Apart from permeability tests, fluorescent dextedlowing visualisation of capsules gives

information about their morphology as aqueous susipa.

2.2.4 Enzymatic degradation

25uL of hollow capsule suspension (in water) was adde25uL of hyaluronidase solution
(0.02M MES buffer, pH 6.5) or MES buffer withoutdlyronidase. The mixtures with final
concentration of enzyme of 10, 50 and 500U/mL vetoeed overnight at 37°C.

The permeability changes after enzyme treatment vested as described earlier.
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2.2.5 Encapsulation and release

To encapsulate dextran in polyelectrolyte capsuhlesCaCQ@ microparticles were suspensed
in solution of dextra$'® (4x1C, and 2000x1%y/mol) with concentration of 2mg/mL (MES
buffer at pH 6.5). After 40 min of incubation (gkenstirring), the microparticles were washed
3 times (each for 15min) with distilled water &nrove non adsorbed dextran (centrifugation,
200y, 5min). Next, the adsorption of polyelectrolyteasypperformed, followed by shell cross-
linking (EDC/NHS 400/100 mM/mM, v/v) in some cas&s. core decomposition, non cross-
linked capsules were dialyzed against EDTA, whdatdfugation (1508, 5min) was applied
for cross-linked capsules. After 3-fold incubati@x2h) of coated particles with new portion
of EDTA (0.1M, pH 7.2), the capsules were washeith wiater.

Microcapsules containing encapsulated dextran wWisggersed in MES (or MES with 0.15M
NaCl) for 4 hours. The amount of dextfafi released during this time was calculated
following the measurements of fluorescence intgraitside/inside capsules lin: x100%).

2.3.Characterization methods and
experimental protocols

2.3.1. Microscopy techniques

a) Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy is a techniqued use characterization of the
surface morphology of a given object. In the SEIM, image is formed and presented by an
electron beam, which is focused on the surfacehef dpecimen. A scheme of a typical
scanning electron microscope is showifrigure 2.3.

The electron beam follows a vertical path throufke tolumn of the microscope. The
electromagnetic lenses focus and direct the beamm dowards the sample. The specimen is

bombarded with electrons over a very small areaeQhe electrons reach the sample, they
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may be elastically reflected from the specimenhwib loss of energy, they may be absorbed
by the specimen and give rise to secondary elestobrvery low energy, together with X-

rays, or absorbed and give rise to the emissiamsdile light. All these effects can be used to
produce an image. Detectors collect the secondaftyaokscattered electrons, and convert

them to a signal that is sent to a viewing screedycing an image.

Elgctmn gun

/
/

Lens—»G

58 Aperture
peca

T Scan generator
Scan coils—=F] P | |
Lens — i+ B CRT display/

g | e” Camera
dample I |
L -

Electron Ambplifier

collector —[Hj
— gh vacuum pump

Figure 2.3. Schematic diagram of a Scanning Electron Microscop

The sample surface must be electrically conductotberwise the electron beam would
charge up the surface. All metals are conductivé @quire no preparation to be viewed
using SEM. In order to view non-conductive sampash as polymer made capsules, we
must cover the sample with a thin layer of a cotidacmaterial. The sputter coater uses
argon gas and a small electric field. The sampfgddsed in a small chamber under vacuum.
Argon gas is then introduced and an electric fieldsed to cause an electron to be removed
from the argon atoms. The ‘Aions are then attracted to a negatively chargedepof gold
foil. The Ar" ions act like sand in a sandblaster, knocking @btins from the surface of the
foil which then settle onto the surface of the skanproducing a gold coating.

* Experimental protocol
For our observation the Jeol JISM6100 microscopeguan accelerating voltage of 8

kV was used (Figure 2.4)
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Figure2.4. Jeol JSM6100 at CERMAYV, Grenoble.

The drops of capsule suspensions were depositedcopper stubs and allowed to air dry.
The samples were sputtered with Au/Pd and obsenveelcondary electron imaging mode.
For high resolution SEM analysis, the specimensewsmrated by 2 nm oflectron beam
evaporation carbon and observed in secondary efeatnaging mode with a Zeiss ultra 55
FEG-SEM (CMTC-INPG, Grenoble) at an acceleratingtage of 3 kV, using an in-lens

detector.

b) Confocal Laser Scanning Microscopy (CLSM)

Confocal Laser Scanning Microscopy is a technidpa¢ &llows us to see a thin section
of the entire specimen. For this aim the fluorespeoperties of the sample are used.
Fluorescent molecules in the ground state adsodsggnfrom photons which causes an
increase in energy and move the molecule to artezksitate. The part of this energy is lost
internally within the molecule. The molecules cobaek rapidly to the ground state, but for
this they have to emit the rest of adsorbed enevgth different colour light. When
fluorescent molecules are exposed to a light soafcene colour, the observed light of a
different colour is emittedrjgure 2.5). The excitation light and the emission light aagh

dependent upon the molecules being examined.
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Figure 2.5. Mechanism of fluorescence.

In the CLSM, a laser beam (excitation source) matis®ugh a pinhole aperture and then is
focused by an objective lens into a small focabmog within a fluorescent specimdridure
2.6). Fluorescence emitted from points on the specipass back through the dichromatic
mirror, then a pinhole, and are detected by a mletextion device transforming the light

signal into an electrical signal that is recordgdalcomputer.

Photomultiplier — 4
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ExIE?t%%iron Light Ray f —Out-of-Focus

Fluorescence
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Light Ray
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Specimen Light Ray
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Figure 2.6. Schematic diagram of the optical pathway and fwalcomponents in a laser scanning confocal

microscopé
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The most popular lasers for confocal microscopyaar€ooled argon and krypton-argon ion
lasers and a variety of helium-neon systems. Tlesses are able to provide excitation at 10-
12 specific wavelengths between 400 and 650 naremetlso, many fluorophores needed
for visualisation are available and described atiogr to wavelengths of maximum
absorbance and emission.
* Experimental protocol

Leica TCS SP2 AOBS (Acoustico Optical Beam Spljttemfocal laser scanning system and
an inverted fluorescence microscope equipped witbieimmersion objective lens 63x was

used in our experiments.

Figure 2.7. Confocal Microscope Leica TCS SP2 AOBS.

FITC-labelled PAH, HA or dextrans were visualizeddxcitation of the fluorochrome with a
488 nm Argon/Krypton laser and the emitted fluoez®e was collected between 497 and 576
nm precisely defined by the AOBS.

The analysed sample (capsule suspension) was tegposi the glass slide and placed in the
holder of the confocal microscope. The laser beaovas until the entire X-Y plane is
scanned. The speciment is taken to different Ztjwosfollowing each X-Y scan. Further
layers “z-series” could be acquired to form 3-Duabksation.

The experimental protocol of sample preparatictescribed irparagraph 2.2.

c) Transmission Electron Microscopy (TEM)

TEM gives the possibility to obtain high magnificet of 2000 to 1000 000 x, high
resolution and ability to observe internal struetuimages are recorded by detecting the
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electrons that pass though the sample to a systetearomagnetic lenses which focus and

enlarge the image on a fluorescent screen, phaibgr&élm or digital camera.

|solatar
Source of Electrons
Condenser

Chjektive

by |

Lewvel of Specimen

Y
Wiewer

[/
B Binocular Magnifier

Fluorescent Screen

Frojektive

Camera

Figure 2.8. Scheme of principal components of TransmissiontEdadMicroscope (TEM).

In Figure 2.8, the scheme of a conventional Transmission Eledi@moscopy is presented.
At the top, the cathode heated by a current, preslacstream of electrons. This stream is
focused to a small, thin, coherent beam by the aiseondenser lenses which strikes the
specimen and part of it is transmitted. The degrkeeeflection depends on the electron
density of the object. The greater the mass oatbms, the greater is the degree of deflection.
Often, the sample requires treatment with a spemaltrast agent (heavy metals). After
passing the object the scattered electrons arectetl by an objective. The image is formed
by an additional lens-system. The darker areashefiinage represent those areas of the
sample that only fewer electrons were transmittedugh (they are thicker or denser). The
lighter areas of the image represent those areaveosample that more electrons were

transmitted through (they are thinner or less dense
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* Experimental protocol

To observe the LbL film deposited on the carbompatdicles, the samples were post-
fixed with 1% osmium tetroxide in water for 2 h 4fC, in order to enhance differential
contrast between the resin, particles and multiayafter dehydration by incubation for 20
min in ethanol/water mixtures (7/3, 95/5) and fipawice in ethanol, the samples were
infiltrated with ethanol/Lowicryl HM20 resin mixtas (2/3-1/3, 1/3-2/3), for 90 min each.
The resin was polymerized at 22°C, allowing pregsgéown the morphology of particles and
multilayered assembly, under indirect UV light fé2 h, using the Automatic Freeze-
substitution System (AFS Leica). Ultrathin sectig@® nm) were prepared with a diamond
knife on an UC6 Leicaltramicrotome and collected on carbon-coated 200mesh copper
grids. Ultrathin sections were viewed at 80 kV wathPhilips CM200 transmission electron
microscope. In order to avoid modification of therphology of particles and multilayers, we
used a resin for the preparation of ultramicrot@eetions which can be polymerized under

mild conditions, i.e. at room temperature.

d) Atomic Force Microscopy (AFM)

The capsule wall thickness was determined for émtbh by AFM imaging of dried
capsules by using a Molecular Imaging PicoPlus Affidw Agilent) in Tapping mode®
using Silicon cantilevers (Mikromash NSC15 fc =329z) from the Nanobio facility in
Grenoble. This method was also used to ensurdghbatore dissolution was complete and no

residuals were found inside the capsules.

2.3.2 Fourier Transform Infrared Spectroscopy
(FTIR) with Attenuated Total Reflectance (ATR)

FTIR spectroscopy provides specific information whbchemical structure of analyzed
substances.

The technique works on the base that bonds vilatat@rious frequencies depending
on the elements and the type of bonds. For anynghend, there are several specific

frequencies at which it can vibratéigure 2.9)
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Figure 2.9. lllustration of streching and bending vibration.

A molecule is exposed to infrared rays absorbifigaied energy at frequenciesaracteristic

to that molecule. Infrared radiation (IR) passesulgh a sample. Some of the IR is absorbed
by the sample and some of it is transmitted. Tiseltieg spectrum represents the molecular
absorption and transmission, creating a molecuhgefprint of the sample. By interpreting
the infrared absorption spectrum, the chemical boné molecule can be determined.
Sample for FTIR analysis can be prepared by diftereethods depending on the sample
nature. Solid sample can be mixed with the potassimomide (KBr) to form homogenous
powder followed by compressing into a thin peltat,dissolved and vaporized to obtain the
film.

The second method, the solid sample can be placad Attenuated Total Reflectance (ATR)

cell and analyzed directly without previous pregpiara

Sample in contact
- with evanescent wave

To Detector

*

L)

\\ -.l"'. -
Infrared ATR
Beam Crvstal

Figure 2.10. A multiple reflection ATR systefn

In attenuated total reflectance, an infrared beaters a crystal made from materials that
transmits IR. The wave enters into the sample ithaeld in close contact with crystal. The

penetration depth of the beam is typically of thdeo of a few micrometers. Pressure up to
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5.1 atm is applied to the sample lying on the diathmicro- ATR crystal during sample
analysis, ensuring excellent contact of samplecaystal surfaces.
* Experimental protocol
Spectrum RX1 spectrometer, Perkin Elmer, UK withrietintal ATR accessory was
used for the FTIR analysis of the hollow freezeedrcapsules deposited on the diamond
crystal. For each sampB2 scans were recorded between 4000 and 4d0ndth aresolution
of 2 cm* using Spectrunsoftware V 5.0.0. The spectrum analysis was peréor by using

Origin 7.0 software.

2.3.3.Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) is a thernymdmic technique for measuring
binding affinities and mechanisms of reactidhis method has been already largely applied
for characterization of molecular interactions of smadllecules, proteins, antibodies, nucleic
acids, lipids and other biomolecuies
The usual experimental set up has a syringe cangaia “ligand” solution which then is
titrated into a cell containing a solution of thmdcromolecule” at constant temperature.
When ligand is injected into the cell, the two mialle interact, and heat is released or
absorbed in direct proportion to the amount of mgdEach peak represents a heat change
associated with the injection of a small volumeainple into the ITC reaction cell.

The Calorimeter VP-ITC (Nothampon, USA) uses a tatidback network to differentially

measure and compensate for heat produced or adsbebeeen the sample and a reference
cell. Win coin-shaped cells are mounted in a cyload adiabatic environment, and connect to
the outside through narrow access tuldagure 2.11). The temperature difference between
the two cells and difference between the cells iedjacket is measured. The temperature
difference between the sample and reference &eKept at a constant value (baseline) by the
addition or removal of heat to the sample cell. Tiheegral of the power required to

maintain the temperature differences constant twez is a measure of total heat resulting

from the process being studied.
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Figure2.11. ITC cells and syringe. The syringe rotates durhglf C experiment. The system is controlled by

computer and injects precise volumes of ligand

* Experimental protocol
The polycation solution (PAH, PLL, QCH) is placedthe cell, while polyelectrolyte

of opposite charge (HA) is injected in successijection steps by means of automatic
microsyringue. For all the experiments HA and PAPLL, CH polyelectrolytes were
dissolved in 10mM TRIS buffer at pH 7.4 or in thisffer with addition of NaCl with its final
concentration 0.15M. HA solution was prepared t@8m concentration, PAH 2g/L, PLL at
2g/L and QCH at 5g/L. The polyanion solution wagected from the calibrated
microsyringue into the cell with polycation solutiolO pL of the polyanion solution was
injected 5 times with a time interval of 600s tmai the microcalorimeter trace to come back
to a baseline, corresponding to the absence ofhaay flow between the sample cell and
reference cell.
The measurements of the dilution heat were alssidered and measured by the same
procedure as the polyanion/polycation complexatimat, but instead of the polycation

solution in the cell, only TRIS buffer was placdle same in which HA polymer was
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dissolved. The values of dilution heat were conmgideduring the calculation of reaction

enthalpy.

2.3.4.Quartz Crystal Microbalance with Dissipation
(QCM-D)

QCM is an electro acoustic method suitable for masd viscoelastic analysis of
adsorbed biomolecules such as proteins, vitammt#)adys, DNA but also polyelectrolyte,
particle, cell layers at the solid/liquid interfAt&® A typical QCM sensor consists of a disk-
shaped piezoelectric quarts crystal sandwiched dmtwwo gold electrodesigure 2.12).
The crystal is excited at its fundamental (or asrtone) resonant frequendy by applying a
suitable current between the electrodes. Adsorbédrer gives the growth of the mass to the
electrodes that decreases the resonant frequency.

The changes in resonant frequency are proportiomahe adsorbed mass on the crystal
through the Sauerbrey relationship:
Af = - kx4m eq.ll.1

wherek is the quartz crystal microbalance constant.

P Gold Electrode

Quartz ff' g

I diam. 14mm |

EMHz

Counter electroda

Contact elactrodos

Figure 2.12. A standard QCM-crystal with electrodes on bottesidf the dis€.

When the mass is adsorbed, the changes of frequercthe response not only to the mass

changes, but also to changes in the rate of ergisgypation with regard to the viscoelastic
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properties of the adsorbed molecules. By measutiig dampening of the shear wave
recorded simultaneously with the resonant frequesfcthe crystal Figure 2.13), one can
determine if the adsorbed film is rigid or viscaia (soft). Raw data can be fitted to a model
included in the computer software. The Saurbreyeh@lvalid for rigid and thin adsorbed
layers. Applying a Voigt-based viscoelastic modbéke mass, the swelling/hydration and

viscoelastic information can be obtained.

Afy; (HE)

o E
=0 E
100 E
-150 F E
-zo0 B E
_a50 1 1 1 i

0 50 100 160 200
time imin)
ADy, 1078

mn F e L

s B

3

4

H

] L

0 50 100 160 200
time imin)

Figure 2.13. The typical graph of the frequency chang&$ &nd dissipation change&ld) during adsorption
process as a function of tiffe

In this work, QCM-D data were analyzed using theég¥anodet® included in the Qtools
software (Q-Sense, Gotenborg, Sweden) by assummiddiging the values of film density,
buffer density and viscosity. Film thickness cob&ldeduced.

The QCM-D system is shown belowi@gure 2.14). The measurement cell is connected to
computer controlled electronics that excites thgsted and records changes in resonance
frequency and dissipation.

Figure 2.14. TheQCM-D systen.
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. Experimental protocol

Thefilm build-up was followed byin situ quartz crystal microbalance (QCM with
dissipation monitoring, D300, Qsense, Sweden).
The solutions for multilayer formation were premhe¢ concentrations of HA: 1 or 5¢g/L and
PAH, PLL, CH solutions at 2g/L each in 0.15M NaClpid 6.5 (pH was checked before
experiment and adjusted by 0,1M HCI or 0,1M NaOH).
First, we injected 1 mL of 0.15 M NaCl solutionarthe measurement cell. After stabilization
of the signal, 1 mL of a polycation solution at 8/mL in 0.15M NacCl is injected, left for 10
min and rinsed for 10 min with 0.15 M NaCl soluti®uring these time periods, the shifis
are continuously recorded. The same procedureeis tised for the deposition of HA by
introducing 1 mL of a HA solution. The build-up pess is then continued by the alternate
polycation and HA addition up to desired pair ofdes. Solutions from the feeding container
are introduced into the measurement chamber by snefaa plastic tube, and it is regulated
by cut-off for liquid flow. Temperature of the stilins is stabilized at 25°C.
The film was attached to the sensor quartz cry$tas. crystal was excited at its fundamental
frequency (5 MHzy = 1) as well as ahe third, fifth and seventh overtones= 3, 5 and 7
corresponding to 15, 25 and 35 MHiespectively). Changes in the resonance frequeAfies
and in the relaxation of the vibration once theitation is stopped were measured at the four
frequencies. The observation takes place at thed,thifth and seventh overtones
(corresponding to 15, 25, and 35 MHz, respectively)
Before use, a cleaning process was applied by miipihie surface in a solution of 0.01 M SDS

for 10 min followed by an extensive rinse with wate

2.3.5.Zeta-potential measurements

The particle in suspension is surrounded by theididayer consisting of two parts; an
inner region where the ions are strongly bound, amauter (diffuse) region where they are
less bound. Within the diffuse layer there is aiov@l boundary inside which the ions and
particles form a stable entity. When a particle ejyvthe bounded ions follow it. The ions
beyond the boundary area stay in the bulk. The npialeat this boundary (surface of
hydrodynamic shear) is the zeta potentiéfigure 2.15).

72



CHAPTERMaterials and Methods

Slipping Plane
Charged
Particle
Diffuse
= Double Layer
Condensed
Countenons o
Stern i G
Layer s

my

Distance from surface

Figure 2.15. Schematic distribution of ions around chargedigiaff.

The value of zeta potential gives details about dtability of the colloidal system. If all
particles with adsorbed polyelectrolyte layer argghly negative (when adsorbed
polyelectrolyte is negative) or positive (positipelyelectrolyte), one can suppose that the
particles have a sufficiently high repulsion ane ttolloidal system is stable. If the zeta
potential is reduced towards zero, it is an indicathat particles in the dispersion may adhere
to one another and form aggregates with possiloliensatation.

When an electric field is applied, charged particdespended in the electrolyte are attracted
towards the electrode of opposite charfee velocity is measured using the technique of
laser Doppler anemometry. The laser rayon is gplib incident and reference beam. The
incident beam passes through the sample cell andddittered light is detected. The intensity
of detected light fluctuates with a frequency dejmm on the particle speed and this mobility
is converted to the zeta potential which can beresged by the Henry or Smoluchowski

equation:

Ue = 2¢ zf(ka)/ eq.ll.2

where U = electrophoretic mobility, z = zeta potentiak dielectric constant} = viscosity
and fka) = Henry’s function.
For particles at size higher than Qu2 dispersed in electrolyte at concentration highan
10°M this equation is transformed to Smoluchowskiragjmation:

( =punle eq.ll.3
Where( is zeta-potentialy is the electrophoretic mobility, - viscosity ande- dielectric

constant of the solvent.
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* Experimental protocol
The zeta-potential of coated Ca&@articles was measured using a Malvern Zetasizer
NanoZS. After polyelectrolyte deposition, the pees were washed with 0.01M NaCl (pH
6.5). All measurements were performed at 25°C, ntpkthe average value of five
measurements. A reference measurement using theeMa]-potential standard was run

prior to each sample analysis to check for corresttument operation.

2.3.6.Size Exclusion Chromatography (SEC)

The molecular weight distribution and the weigh¢mge molecular weight of the HA
samples were determined by size exclusion chromapbg using a Waters GPCV Alliance
2000 chromatograph (USA) equipped with three oa-lidetectors: a differential
refractometer, a viscometer and a light scattedigigctor (MALLS) from Wyatt (USA).

This technique provides information about the mal@c weight, radius of gyration or
intrinsic viscosity of the sample. The polymer frans are separated according different

hydrodynamic volumes of polymers. Experimental idietere described in Chapter 3.
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CHAPTERMultilayer assembly of hyaluronic acid/poly(allylamine).....

78



CHAPTERMultilayer assembly of hyaluronic acid/poly(allylamine).....

3.1. Reésume (fr)

Dans ce chapitre, nous démontrons la possibilitpré@arer, a partir du HA et de la
poly(allylamine) et dans des conditions douces, cigssules stables malgré I'absence de
pontages covalents entre les couches. La stratbgisynthése des capsules repose sur
I'utilisation de microparticules de carbonate décicen (diamétre moyen ~ fm) comme
supports sacrificiels. Ces particules présentewahtage d'étre biocompatibles et de pouvoir
étre dissoutes dans des conditions douces par egatjan avec un agent chélatant (acide
citriqgue ou acide éthylenediaminetétraacétiqueprii@ins, la structure poreuse du cceur de
carbonate entraine la diffusion des polyélectrglytmusceptible de fragiliser la paroi des
capsules. Nous montrons que ce phénomeéne est Ipaitd’utilisation de lots de HA de
masses molaires supérieures ou egales a 82000d. d/paisseur des films apparait
dépendre de la concentration en HA utilisée lorsi@obt couche-par-couche. L'utilisation de
solutions de HA> 5 g/L permet d’obtenir des capsules avec des pgrhis épaisses,
améliorant la cohésion du film multicouche. Ce d&rmoit de plus ses propriétés mécaniques
renforcées par sa réticulation chimiqgue en présediom carbodiimide hydrosoluble,
permettant la formation de liaisons amide entre flsctions carboxylate et amine des

polyélectrolytes partenaires.
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The objective of this work was to investigate the formation of hollow microcapsules composed of hyaluronic acid
(HA) and poly(allylamine) (PAH) by layer-by-layer adsorption on CaCOj; microparticles and subsequent core removal
by addition of chelating agents for calcium ions. We found that the molecular weight of HA as well as the HA solution
concentration used during deposition are crucial parameters influencing the multilayer structure. Whereas the effect
of molecular weight of HA was mainly attributed to the porous structure of the template which allows penetration
of polyelectrolytes when their size is below the maximum pore size of the template (~60 nm), that of the concentration
of the HA solution was related to the intrinsic properties of the polysaccharide. Indeed, as shown by quartz crystal
microbalance with dissipation monitoring as well as electron microscopy techniques, the latter leads to dense structures
for concentrations from five to ten times the critical overlap concentration during adsorption. Such conditions were
found to be favorable for the formation of hollow shells. Regarding conditions for core dissolution, we demonstrated
the possibility to use either ethylenediaminetetraacetic acid (EDTA) or citric acid as chelating agents. However, in
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some cases, it was necessary to chemically cross-link the shell to maintain its integrity.

Introduction

Administration of drugs is often limited by problems of
insolubility, inefficient distribution, enzymatic hydrolysis, lack
of selectivity, and side effects raising health concerns. During
the past decades a large variety of micro- and nanocarriers have
been developed in order to improve efficiency, availability, and
toxicity profiles of drugs. Among the currently available carrier
systems, hollow capsules prepared by the layer-by-layer (LbL)
assembly of oppositely charged polyelectrolytes on a colloidal
template, followed by its decomposition, have recently emerged
as attractive vehicles in the field of drug delivery.'” These
capsules possess a fascinating multicompartment structure, with
the possibility to introduce a high degree of functionality at the
nanometer scale within their shell.

To date, the most studied capsules are of poly(allylamine)/
poly(styrenesulfonate) (PAH/PSS). Several properties including
permeability®™ and stability against environmental alterations
such as pH and temperature'™'" of the capsules have been

* Corresponding author.
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#Jan Dlugosz University of Czestochowa.
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investigated. Owing to the potential applications of capsules in
the fields of biotechnology and drug delivery, the use of natural
polysaccharides and derivatives, which have the advantages of
biocompatibility, biodegradability, and, in some cases, bioactivity,
has emerged to prepare LbL capsules. Examples of nanoshells
made from chitosan (CHI), chitosan sulfate, dextran sulfate,
sodium alginate, carboxymethyl cellulose,’!?7'° and, recently,
hyaluronic acid,'” have thus been reported. Compared to the
planar films made from natural polysaccharides, little is known
about capsules with polysaccharide nanoshells. In particular,
since films containing polysaccharides often exhibit exponential
growth of their thickness with the number of deposited layers,
they are more hydrated and mechanically softer than their synthetic
counterparts.'® These assemblies are thus to be handled with
more caution as their exposure to solvents, pH, and ionic strength
can affect their structural integrity.'® Based on these consider-
ations, the choice of a suitable colloidal template and the
dissolution protocol are crucial in the formation of capsules from
polysaccharides. The harsh conditions (0.1 N HCI, 1 M HF,
THF) generally used for the preparation of synthetic polyelec-
trolyte capsules are not suitable in the case where oppositely
charged polyelectrolytes which form the nanoshell are weak
natural polymers such as polypeptides and polysaccharides.
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Furthermore, biocompatible cores would be preferable in the
case of biological applications. Very few examples of capsules
composed of natural polysaccharides and templated on biocom-
patible cores that can be removed under mild conditions have
been reported so far. These capsules are made of either chitosan/
alginate or poly(L-lysine) (PLL)/hyaluronic acid multilayers
assembled on inorganic particles of CaCO3'® or microgel beads,'”
respectively. By using microgel beads, which can be dissolved
out using reducing agents, the possibility of producing capsules
containing HA, which is a highly hydrated and weak polyacid,
was thus demonstrated. However, these capsules have a rather
large diameter (~16 «m) and may not be easily phagocytosed
by macrophages and dendritic cells, compared to smaller size
microcapsules in the 0.1—10 um range.*

Since microcapsules based on hyaluronic acid exhibiting
excellent biocompatibility and biodegradability may have great
potential for drug delivery applications,?'**> we aimed to design
microcapsules from hyaluronic acid and poly(allylamine hy-
drochloride) using CaCOj3 microtemplates. PAH was selected as
the polycation in this study, as much is known about its behavior
in multilayer films with weak polyacids.>*=7 In addition,
biomaterial applications of multilayer films containing PAH have
previously been proposed.?® Furthermore, CaCOjs particles were
chosen as microtemplates, as they can be easily prepared with
a narrow size distribution ranging from 4 to 6 um, and they are
nontoxic and can be easily dissolved by complexation with
ethylenediaminetetraacetic acid (EDTA) or under slightly acidic
conditions.”® Another advantage of using such templates is that
their porous interior can be exploited to encapsulate various low
molecular weight and macromolecular materials, either by
physical adsorption onto the preformed particles or by copre-
cipitation during their formation.**=>

In this paper, we focus on conditions used for the layer-by-
layer deposition of HA and PAH at the surface of CaCOs3
microparticles to produce microcapsules. Although the porous
structure of such microparticles may be useful for encapsulation
of various biologically active substances in the perspective of
drug delivery applications as discussed above, this may also lead
to diffusion of polyelectrolyte layers inside the core, which can
influence not only the properties of the capsule wall but also the
bioactivity of the encapsulated material.*' We thus demonstrate
the possibility of controlling diffusion of polyelectrolytes forming
the multilayer assembly by the appropriate choice of the molecular
weight of HA. Moreover, the HA solution concentration used
during adsorption is shown to also be a crucial parameter
influencing the formation and surface morphology of the hollow
capsules.
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Experimental Section

Materials. The bacterial hyaluronic acid samples of different
molecular weight under the sodium salt form were produced by
ARD (Pomacle, France). Poly(allylamine hydrochloride) (PAH, Mw
~70 000), FITC-labeled dextrans with molecular weight of 4 x 103,
500 x 103,and 2000 x 10° g/mol, fluorescein isothiocyanate (FITC),
ethylenediaminetetraacetic acid (EDTA), calcium chloride (CaCl,),
sodium carbonate (Na,CO3), citric acid, N-hydroxysulfosuccinimide
sodium salt (sulfo-NHS), and 1-ethyl-3-(3-dimethylaminopropyl-
)carbodiimide hydrochloride (EDC) were purchased from Sigma-
Aldrich-Fluka. All chemicals were used without any further
purification. FITC-labeled PAH was synthesized as described
previously,*' by mixing FITC and PAH in 0.05 M borate buffer,
followed by dialysis against pure water. FITC-labeled HA was
prepared by the same procedure starting from HA modified by adipic
dihydrazide groups (HA-ADH). The latter, having a degree of
substitution of 0.08, was synthesized as reported in detail elsewhere. ™
The water used in all experiments was purified by a Millipore Milli-Q
Plus purification system, with a resistivity of 18.2 MQ cm.

Capsule Preparation. Microcapsules were prepared using calcium
carbonate (CaCOs3) microparticles as a sacrificial template. CaCO3
microparticles were synthesized from solutions of CaCl, and NaxCO3
as reported in the literature.?**> The CaCOs microparticles were
coated using the layer-by-layer technique, by incubating them at a
concentration of 2% (w/v)*° in a solution of HA (C, at 1 or 5 g/L)
and PAH (C, at 2 g/L) containing 0.15 M NaCl (pH 6.5). After
shaking for 10 min, the microparticles were collected by centrifugation
and the residual nonadsorbed polyelectrolyte was removed by
washing twice with 0.01 M NaCl (pH 6.5).

After the desired number of layers were deposited, the CaCO;
core was removed by treatment with 0.1 M citric acid (pH 5.4). To
avoid mechanical damage of “soft” polyelectrolyte shells, the
dissolved ions resulting from the decomposition of CaCOsz were
removed by dialysis against pure water, using spectra Por dialysis
bags with a molecular weight cutoff of 6—8 kDa.

Cross-Linking of the HA/PAH Multilayers. Chemical cross-
linking of the multilayer shells was performed by activation of the
carboxylic acid groups of HA using the water-soluble carbodiimide,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
and N-hydroxysulfosuccinimide (NHS) at concentrations of 0.2 and
0.05 M, respectively, in 0.15 M NaCl.** The core-templated HA/
PAH mulilayers were incubated in the EDC/NHS solution (pH 6.5)
overnight. The cores were dissolved by shaking the particle dispersion
in 0.1 M EDTA (pH = 7.2).

Size Exclusion Chromatography (SEC). The molecular weight
distribution and the weight-average molecular weight of the HA
samples were determined by size exclusion chromatography using
aWaters GPCV Alliance 2000 chromatograph (USA) equipped with
three online detectors, a differential refractometer, a viscometer,
and a light scattering detector (MALLS) from Wyatt (USA); the
solutions were injected at a concentration of 5 x 10™* g/mL in 0.1
M NaNO;. The weight average molecular weights (M) were
determined to be 11 x 103, 200 x 103 820 x 10%, and 1100 x 103
¢/mol. The different HA samples are thus designated as HAx where
x reflects the M, value divided by 10°.

Zeta-Potential Measurements. PAH/HA multilayer growth on
CaCOs particles was followed by measuring the electrophoretic
mobility of the coated particles in pure water using a Malvern
Zetasizer NanoZS. It was determined after rinsing particles coated
by the desired number of layers in pure water (pH 6.5). All
measurements were performed at 25 °C just after the washing steps
(to avoid problems of reproducibility related to sedimentation), taking
the average value of five measurements. The zeta-potential (&-
potential) was calculated from the electrophoretic mobility (u) using
the Smoluchowski function § = un/e, where 7 and € are the viscosity
and permittivity of the solvent, respectively.

(33) Charlot, A.; Heyraud, A.; Guenot, P.: Rinaudo, M.; Auzely-Velty, R.
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Film Characterization by Quartz Crystal Microbalance with
Dissipation Monitoring (QCM-D). The (PAH/HA); film buildup
(where i denotes the number of layer pairs) was followed by in situ
quartz crystal microbalance (QCM with dissipation monitoring, D300,
Qsense, Sweden).> The quartz crystal was excited at its fundamental
frequency (about 5 MHz, v = 1) as well as at the third, fifth, and
seventh overtones (v = 3, 5, and 7 corresponding to 15, 25, and 35
MHz, respectively). Changes in the resonance frequencies Af and
in the relaxation of the vibration once the excitation is stopped were
measured at the four frequencies. As the silica coated quartz crystal
is negatively charged, depositions always started with the positively
charged polyelectrolyte.

Confocal Laser Scanning Microscopy (CLSM). Capsule
suspensions were observed with a Leica TCS SP2 AOBS (Acoustico
Optical Bean Splitter) confocal laser scanning system and an inverted
fluorescence microscope equipped with an oil immersion objective
lens 63 x. FITC-labeled PAH and HA were visualized by excitation
of the fluorochrome with a 488 nm argon/krypton laser, and the
emitted fluorescence was collected between 497 and 576 nm, precisely
defined by the AOBS.

Scanning Electron Microscopy (SEM). Drops of capsule
suspensions were deposited onto copper stubs and allowed to air
dry. The samples were sputtered with Au/Pd and observed in
secondary electron imaging mode with a Jeol JSM6100 microscope
using an accelerating voltage of 8 kV. For high resolution SEM
analysis, the specimens were coated by 2 nm of electron beam
evaporation carbon and observed in secondary electron imaging
mode with a Zeiss ultra 55 FEG-SEM (CMTC-INPG, Grenoble) at
an accelerating voltage of 3 kV, using an in-lens detector.

Transmission Electron Microscopy. The samples were postfixed
with 1% osmium tetraoxide in water for 2 h at 4 °C, in order to
enhance differential contrast among the resin, particles, and
multilayers. After dehydration by incubation for 20 min in ethanol/
water mixtures (7/3, 95/5) and finally twice in ethanol, the samples
were infiltrated with ethanol/Lowicryl HM20 resin mixtures (2/
3—1/3, 1/3—=2/3), for 90 min each time. The resin was polymerized
at 22 °C, allowing preservation of the morphology of particles and
multilayered assembly, under indirect UV light for 72 h, using the
Automatic Freeze-Substitution System (AFS Leica). Ultrathin
sections (70 nm) were prepared with a diamond knife on an UC6
Leica ultramicrotome and collected on carbon-coated 200 y¢m mesh
copper grids. Ultrathin sections were viewed at 80 kV with a Philips
CM200 transmission electron microscope. Osmium tetroxide was
used to enhance differential contrast among the resin, particles, and
multilayers. In order to avoid modification of the morphology of
particles and multilayers, we used a resin for the preparation of
ultramicrotomed sections which can be polymerized under mild
conditions, i.e., at room temperature.

Incubation with FITC-Labeled Dextrans. A phosphate buffer
solution (0.3 mL, prepared from 0.1 M NaH,PO, (50 mL) and 0.1
M NaOH (13.9 mL), pH 6.5) was added to a suspension of HA/PAH
capsules (prepared from HA820) in water (0.3 mL) and left overnight
at room temperature. FITC-labeled dextrans (25 uL at 2 mg/mL in
the phosphate buffer solution) were allowed to react with 25 uL of
the capsule suspension for 30 min before the samples were observed
by CLSM.

Results and Discussion

PAH/HA Multilayer Formation on CaCO3; Microparticles
and Planar Surfaces: Effect of the Molecular Weight of HA.
The CaCOjs particles were prepared by colloidal crystallization
after mixing of aqueous solution of calcium chloride and sodium
carbonate, as reported in the literature.?*% A scanning electron
microscopy image of these microparticles, characterized by a
spherical morphology and porous internal structure, is shown in
Figure 1. These colloidal templates were obtained with a rather
narrow size distribution ranging from 4 to 6 um. It has been

(35) Picart, C.; Lavalle, P.; Hubert, P.; Cuisinier, F. J. G.; Decher, G.; Schaaf,
P.; Voegel, I. C. Langmuir 2001, 17, 7414.
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Figure 1. Scanning electron microscopy images showing spherical CaCO;
microparticles (a) and the porous surface and internal structure (insert)
of a microparticule (b) (FEG-SEM, in lens detector).

Table 1. Macromolecular Characteristics of the HA Used for
Preparation of Planar Films and Capsules: Weight Average
Molecular Weights (M), Polydispersity Indices (My/M,),
Intrinsic Viscosity ([17]), and Critical Overlapping Concentration
(C*) of HA Samples

M(g/mol) My/M, [77] (mL/g)" C* (g/lL)’
HAT1l 11 000 2:1 51 19.6
HA200 200 000 1.8 508 1.97
HAS820 820 000 1.4 1550 0.65
HA1100 1.1 x 10° 1.1 1955 0151,

“ The values of intrinsic viscosity, i.e., the reduced viscosity at infinite
dilution, were derived from the relation®' [;] = 0.0336 M, °7°. ” The values
of C*, the overlap concentration of the polymer chains, were deduced from
the intrinsic viscosity assuming that C#[5] is about unity.>>

reported that, for particles with sizes in this range, the diameter
of the pores is from 20 to 60 nm.*> Multilayer formation may
be thus influenced by the molecular weight of the polyelectrolytes,
as macromolecules with a size of several nanometers can penetrate
inside the core during the polyelectrolyte adsorption process.*>
Having HA samples with different molecular weights (i.e., HA11,
HA200, HA820, and HA1100) whose characteristics are given
in Table 1, we investigated the effect of the polysaccharide size
on the formation of polyelectrolyte films on the CaCOjs particles,
always starting deposition with HA as the surface charge of the
CaCOs particles is positive at physiological pH.>' The CaCO3
microparticles were thus coated by sequential incubation for 10
min (to achieve equilibration from QCM-D experiments) in
aqueous solutions of HA having different molecular weights (C,,
=1 g/L) and of PAH (C, = 2 g/L) containing 0.15 M NaCl at
pH 6.5. After each adsorption step, two washing steps were
performed to remove the nonadsorbed polyelectrolyte. Film
growth was confirmed by following (PAH/HA) film deposition
on a planar solid substrate by QCM-D (Figure 2) and by following
the reversal of {-potential during polyelectrolyte adsorption on
the microparticules (Figure 3). Although QCM-D experiments
are performed on a nonporous planar substrate that has a low
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Figure 2. (PAH/HA) film growth in 0.15 M NaCl (pH 6.5) as measured
by QCM-D on a SiO; coated crystal. Differences in the QCM frequency
shifts measured at 15 MHz are plotted for each PAH and HA layer. Data
are given at 15 MHz for the HA of different M,,: (O) HA11, (®) HA200,
(V) HA820, and (x) HA1100 (PAH at 2 g/LL and HA at 1 g/L).
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Figure 3. {- potential as a function of layer number during LbL coating
of CaCO; particles with alternating HA/PAH bilayers. The odd-numbered
layers correspond to PAH and the even-numbered layers to HA
adsorption.

roughness (silica coated quartz crystal), it can give useful
information on the film buildup in situ, which is not possible to
get by microscopy (TEM and SEM) techniques. It thus allowed
a direct comparison of film growth between HA of various M.
As can be seen in Figure 2 for the QCM measurements, film
growth is exponential in our working conditions (0.15 M NaCl
at pH 6.5) and very similar for all the HA of different molecular
weights (from HA11 to HA1100). Actually, HA/PAH films have
already been described as exponentially growing films in a
previous study performed at the same ionic strength for a HA
sample of intermediate molecular weight (4 x 105 g/mol),*® but
linear growth was reported in low ionic strength conditions (0.01
M NaCl).** Exponential growth could be related here to the
diffusion of PAH within the film architecture (¢f. Supporting
Information, Figure S1: CLSM images of a (PAH/HA200),4-
PAHFITC film deposited on a glass slide), as previously observed
for films containing HA in combination with other polysaccharides

(36) Ball, V.; Huebsch, E.; Schweiss, R.: Voegel, J.-C.; Schaaf, P.; Knoll, W.
Langmuir 2005, 21, 8526.
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Figure 4. SEM and FEG-SEM images showing the surface of CaCOj3
particles after deposition of two HA/PAH bilayers (a—d) and six HA/
PAH bilayers (e—h). The LbL assemblies were performed using HA11
(a,e), HA200 (b,f), HA820 (c.g), and HA1100 (d,h).

such as PLL*” and CHI.>® The fact that the type of growth depends
on the ionic strength of the working solution and can be changed
from linear to exponential with increasing ionic strength was
indeed reported for other films such as chitosan/hyaluronic acid
films.*® Concerning the Z-potential values of the layers of HA
and PAH obtained in our work, it can be noted that they are in
the same order of magnitude as those reported by Lee et al.'”
(from —10 to —30 mV) and Volodkin et al.>* (from +5 to 10
mV) during the fabrication of HA/PLL and PSS/PAH capsules,
respectively.

In contrast to films prepared on a nonporous solid surface,
HA/PAH film growth on porous CaCOj3 microparticles was found
to be influenced by the molecular weight of HA. We first observed
the surface of the film coated CaCO3 microtemplates by SEM
(Figure 4). We noticed that the particles coated with two or six
layer pairs of HA11/PAH and HA200/PAH exhibit surfaces with
rather large pores, similar to those of the initial CaCOs particles
(Figure 4a,b.e.f). On the other hand, the particles treated with
HAS820/PAH and HA1100/PAH solutions show surfaces with
much smaller pore sizes (Figure 4c,d and g,h). We also performed
TEM experiments (Figure 5), suggesting the formation of a
polyelectrolyte film on the surface of particles coated with two
layer pairs of HA1100/PAH (Figure 5d) contrary to the other
ones treated with HA samples of lower My, (Figure Sa—c). In
the case of particles coated with six layer pairs, the formation
of polyelectrolyte films could be distinguished for the higher My,
HA (Figure 5g,h).

(37) Picart, C.; Mutterer, J.; Richert, L.: Luo, Y.: Prestwich, G. D.; Schaaf,
P.; Voegel, J. C.; Lavalle, P. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 12531.

(38) Richert, L.; Lavalle, P.; Payan, E.; Shu Xiao, Z.; Prestwich Glenn, D.;
Stoltz, J.-F.; Schaaf, P.; Voegel, J.-C.; Picart, C. Langmuir 2004, 20, 448.
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(HA/PAH),

(HA/PAH)s

HA1100

Figure 5. TEM images of sections of CaCOj3 particles after deposition
of two HA/PAH bilayers (a—d) and six HA/PAH bilayers (e—h). The
LbL assemblies were performed using HA 11 (a.e), HA200 (b.f), HA820
(c.g), and HA1100 (d,h). The arrows indicate the presence of poly-
electrolyte layers on the surface of particles.

All these observations suggest the formation of a more dense
film for the high M, HA820 and HA 1100, which could be related
to their large size with respect to the pore size of the CaCO;
particles. Indeed. a previous study on the infiltration of poly(acrylic
acid) (PAA) in nanoporous silica particles revealed that the extent
of polymer infiltration strongly depends upon the relative sizes
of the nanopores and the PAA macromolecules.*® Comparison
of the pore size distribution of CaCOs microparticles®' with the
hydrodynamic diameter distribution of HA samples derived from
size exclusion chromatography analysis and from the molecular
weight dependence of the hydrodynamic radius for HA chains*’
provided evidence of the crucial role played by the macromo-
lecular size in infiltration. As can be seen from Figure 6, the high
hydrodynamic diameter values of the HA1100 chains totally
prevent their penetration into the CaCOs microparticles, while
HAS820 might only partially diffuse inside the core. On the other
hand, the sizes of the HA11 and HA200 chains are lower than
or in the same range as those of the template pores, which can
explain diffusion observed experimentally for these samples.

(39) Wang, Y.; Angelatos, A. S.; Dunstan, D. E.; Caruso, F. Macromolecules
2007, 40, 7594.

(40) Takahashi, R.; Kubota, K.; Kawada, M.; Okamoto, A. Biopolymers 1999,
50, 87.
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Figure 6. Size distribution of (A) pores of CaCO; microparticles®' and
(B) of hyaluronic acid chains for HA11, HA200, HA820, and HA1100
samples. The values of the hydrodynamic diameters were derived from
size exclusion chromatography analysis of the different samples of HA
and from the molecular weight dependence of the hydrodynamic radius
for HA chains.*®
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Figure 7. CLSM images of hollow HAF'®/PAH (a) capsules and HA/
PAHFTC (b) capsules obtained after treatment by citric acid. The LbL
assembly (4 bilayers) was performed using HA820.

PAH/HA Microcapsules: Conditions for Core Dissolution,
Effect of Polyelectrolyte Concentration, and Shell Wall
Permeability. Conditions for Core Dissolution. After the
adsorption of the desired number of layer pairs was achieved,
the calcium carbonate core was subjected to decomposition.
The first method for CaCOj5 core dissolution that consists of
lowering the pH of the solution (pH ~ 2) could not be applied
here due to the perturbation of the HA/PAH assembly.
Moreover, the treatment of the coated carbonate particles under
neutral conditions (EDTA solutions at pH 7.2) generally used
for capsule preparation leads to the destruction of the multilayer
assembly. Such capsule dissolution might be the result of the
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stronger complexation between EDTA and PAH than that
between HA and PAH, with the EDTA/PAH complex being
indeed soluble.

However, we found that core dissolution with EDTA in neutral
conditions was possible once the capsules have been cross-linked
with a water soluble carbodiimide (data not shown). For this, we
followed the procedure already developed for HA-based poly-
electrolyte multilayers on planar surfaces™ and cross-linked the
HA/PAH assembly by an amine—acid coupling reaction per-
formed at pH 6.5 using the water soluble carbodiimide, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
in combination with N-hydroxysulfosuccinimide (NHS). Cross-
linking of the (HA/PAH) films was checked by Fourier transform
infrared spectroscopy (cf. Supporting Information Figure S2),
which is now an established technique to characterize film cross-
linking.***4? The percentage of cross-linking was estimated at
32%. Hollow capsules were thus obtained with no apparent defects
in the shell.

We also tested an alternative route for core dissolution without
the requirement for cross-linking. In this protocol, 0.1 M citric
acid at pH 5.4 was employed to dissolve the CaCOs support,
citric acid being a good chelating agent for calcium ions.**** As
EDTA, citric acid binds calcium ions in a 1:1 ratio though with
a lower binding constant (Kyepra/caczy ~ 2 x 108 M~ ! and K,
(citric acid/caci2) ~ 1033 M~ ! at pH 7).** Also, the PAH/citric acid
complex is insoluble, which should not cause the multilayer
dissolution. In our case, the HA/PAH multilayer structure was
preserved and we verified that the multilayer wall effectively
contained HA and PAH. This was achieved by confocal laser
scanning microscopy using fluorescently labeled polyelectrolytes
(HAFITC and PAHFITC) (Figure 7). It can be noted that comparison
of the fluorescence intensities in the capsule wall and in the
aqueous core indicates that some HA is still inside the capsule.
There is about 2.5 times more HA at the wall than in the core.
This might be related to the partial diffusion of HA820 during
the first adsorption step as suggested by the profile of the
hydrodynamic diameters obtained for this sample (see Figure 6).

Effect of HA Concentration. In the next step, we explored
more deeply the formation of capsules by varying concentration
of HA11 from 2 to 14.25 g/L in 0.15 M NaCl. As can be seen
from Figure 8, capsules prepared with a low HA concentration
(2 ¢/L, Figure 8a) exhibit a “grainy” surface in contrast to those
obtained from higher HA concentrations (C, = 5 g/L), which
show smooth surfaces (Figure 8b—d). Such grains look like those
observed during the formation of hyaluronic acid containing
films at the initial stages of the buildup, when a continuous film
is not totally formed.®

The method of deposition of HA/PAH layer thus depends not
only on the molecular weight of HA, but also on its concentration
used during multilayer formation. This was supported by TEM
images of films deposited on CaCOs particles using two different
concentrations of HA11 (Figure 9). The film appears to be thicker
when the HA concentration in 0.15 M NaCl (pH 6.5) is increased
from 5 (Figure 9a) to 14.25 g/L (Figure 9b).

The effect of HA concentration was then examined for all the
HA samples. Figure 10 compares SEM images of (HA/PAH),
capsules prepared from all the different HA, using HA

(41) Kozlovskaya, V.; Kharlampieva, E.; Mansfield. M. L.; Sukhishvili, S. A.
Chem. Mater. 2006, /8, 328.

(42) Schneider, A.: Francius, G.; Obeid, R.; Schwinte, P.; Hemmerle, J.; Frisch,
B.; Schaaf, P.; Voegel, J.-C.: Senger, B.; Picart, C. Langmuir 2006, 22, 1193—
1200.

(43) Keowmaneechai, E.; McClements, D. J. J. Agric. Food Chem. 2002, 50,
7145.

(44) Poncelet, D.; Babak, V. Dulieu, C.; Picot, A. Colloids Surf., A 1999, 155.
171.
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Figure 8. SEM images of capsules prepared using different HA (HA11)
concentration during deposition: 2 g/L (a), 5 g/L (b), 10 g/L (c), and
14.25 g/L (d).

a)

500 nm
——

Figure 9. TEM images of sections of CaCOj particles after deposition
of six HA/PAH bilayers using two different concentrations of HA11:
5 g/L (a) and 14.25 g/L (b) in 0.15 M NaClL

concentrations of 1 and 5 g/L. These images provide evidence
of the crucial role played by HA concentration in the formation
of hollow capsules. HA/PAH microcapsules can thus be obtained
with good reproducibility if HA is used at a minimum
concentration of 5 g/ in 0.15 M NaCl during its deposition on
carbonate particles. Indeed, the growth of HA/PAH films on a
solid substrate followed by QCM-D also exhibited a strong
dependence on HA concentration (Figure 11). In this figure, the
increment in frequency measured for each deposited HA layer
(at 15 MHz) is plotted as a function of the HA layer number,
for HA11 and HA200 at 1 and 5 g/L. The frequency increment
is much higher when HA is deposited from a solution at 5 g/L.
than from a solution at 1 g/L, with, again, a similar behavior
observed for two different molecular weights HA.

All these results show that for both solid substrates and CaCOs5
porous microparticles, film growth depends on the HA concen-
tration. Increasing the concentration of HA from 1 to 5 g/L may
promote the formation of entanglements between the HA chains
(5 g/ > C* for HA200, HA820, and HA1100; from Table 1)
resulting in a higher density of the deposited film. This is indeed
suggested by the QCM-D measurements of the viscous dissipa-
tions during film buildup, which show that the dissipation is
systematically higher for films built with HA at 5 g/ as compared
to those built with HA at 1 g/L (¢f. Supporting Information Figure
S3).
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Multilayer Assembly of Hyaluronic Acid/Poly(allylamine)

Figure 10. SEM images of capsules prepared with four HA/PAH bilayers
using different HA samples: HA11 (a.e), HA200 (b,f), HA820 (c.g), and
HAT1100 (d,h), at two concentration 1 g/L (left) and 5 g/L (right).
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Figure 11. Increment in the QCM frequency shift (A(—0f/v) in Hz)
measured at 15 MHz during the deposition of HA layers plotted as a
function of the HA layer number. Two different HA are compared:
HA200 and HA11 at two HA concentrations of 1 g/l and 5 g/L. PAH
concentration was kept constant at 2 g/L.

Shell Wall Permeability. In the perspective of using such
capsules as drug vehicles, we were interested in evaluating the
permeability of the shell walls to molecules of various sizes, the
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Table 2. Qualitative Analysis of the Shell Wall Permeability for
(HA/PAH)4 Capsules in a Phosphate Buffer Solution without
Added Salt (pH 6.5) by CLSM Using Dextran-FITC Samples

with Different Molecular Weights (My)“

presence of dextran-FITC
inside the core of capsules

M, of dextran-FITC HA/PAH cross-linked
(g/mol) capsules HA/PAH capsules

4 x 103 + +

500 x 10° = =

2000 x 103 — —

“ Dextran was either totally rejected (—) or was mainly rejected (+).

latter being able to be encapsulated by adsorption on the porous
carbonate particles, as discussed above. As a first approach to
this study, we thus examined diffusion by CLSM of various
molecular weight FITC-labeled dextrans (dextran™¢-4, —500
and —2000 with My, = 4 x 103, 500 x 103, and 2000 x 103
g/mol, respectively), as models of biologically active substances
of different sizes (in the range from 3.8 to 53.8 nm from the
hydrodynamic diameter values reported for different samples of
dextran).**¢ Capsules were prepared by LbL deposition of four
HA/PAH bilayers on CaCOs particles using conditions allowing
good reproducibility and low diffusion of polyelectrolytes inside
the core. From the results described above, we thus selected
HAS820 (C, = 5 ¢/L in 0.15 M NaCl during deposition). The
permeability was studied on cross-linked as well as un-cross-
linked shells.

Observation of capsules 30 min after the addition of dex-
trans"'TC in a phosphate buffer solution without added salt (pH
6.5) revealed some differences as a function of the molecular
weight of dextran. Both types of capsule were partially permeable
to dextrant'T°-4, whereas dextrant'T¢-500 and dextran®'T¢-2000
were totally rejected from the shell wall (see Table 2 and cf.
Supporting Information Figure S4). A similar behavior was
observed for chitosan/chitosan sulfate capsules in water (pH ~
6), which were found to be impermeable for dextran™TC with M.,
above 200 000 g/mol."? One can notice that the cross-linked
HA/PAH capsules prepared under our cross-linking conditions
and the non-cross-linked ones exhibit comparable permeability.
These results thus demonstrate the possibility to obtain hollow
HA/PAH shells having semipermeable properties without mul-
tilayer chemical cross-linking. According to previous results
performed on planar multilayers made of PLL/HA***7 as well
as on hydrogel capsules composed of poly(methacrylic acid)
layers covalently linked by ethylenediamine,*' we can assume
to control the degree of cross-linking of the shell wall either by
varying the amount of the amide coupling agent (EDC) or the
cross-linking time. Such an approach might thus be advanta-
geously exploited not only to tune the stability of capsules as a
function of the environment conditions, but also to study the
effect of cross-linking density on the permeability of the capsules.

Conclusion

In conclusion, this study establishes the feasibility of obtaining
hollow microcapsules based on the multilayer assembly of
hyaluronic acid and poly(allylamine). Due to the sensitivity of
HA/PAH assembly, in particular, to low and high pH values, we
used CaCOs3; microtemplates which have the advantage of being
dissolved under mild conditions. However, in contrast to previous

(45) Armstrong, J. K.;.; Wenby, R. B.; Meiselman, H. J.; Fisher, T. C. Biophys.
J. 2004, 87, 4259.

(46) Koehler, K.; Sukhorukov, G. B. Adv. Funct. Mater. 2007, 17, 2053.

(47) Ren, K.: Crouzier, T.; Roy, C.; Picart, C. Adv. Funct. Mater. 2008, 18,
1378.
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results showing the possibility of producing hollow capsules
made of synthetic, even weak, polyelectrolytes after dissolution
of CaCOj; particles by treatment with EDTA, the use of this
chelating agent leads to the destruction of the multilayer assembly
in our case. The problem of core decomposition could be
overcome either by chemically cross-linking the shell before
treatment with EDTA or by the use of citric acid as a chelating
agent of Ca>" ions.

Moreover, this work clearly demonstrates the strong influence
of the molecular weight of HA on the surface morphology of the
capsules. This was mainly attributed to the porous structure of
the template which allows penetration of polyelectrolytes when
their size is below the maximum pore size of the carbonate
template (~60 nm). We thus found that diffusion of the initial
layers in the carbonate core becomes limited by using an HA
sample having weight-average molecular weight equal to or higher
than 820 000 g/mol. Besides the macromolecular size, concen-
tration of the HA solution during adsorption also appeared to be
a crucial parameter influencing the multilayer structure, with
higher HA concentrations leading to a more dense and entangled
structure.

In addition, we verified that these HA containing microcaspules
are biocompatible and not cytotoxic by introducing a high
concentration of capsules in a myoblast culture (¢f. Supporting
Information Figure S5). These capsules hold promise in the
controlled delivery of drugs due to their reservoir properties as
well as to the large number of possible chemical modifications
on HA for specific purposes such as cross-linking,** grafting of
drugs,* or cage molecules.* They may also be designed for

(48) Segura, T.; Anderson, B. C.; Chung, P. H.; Webber, R. E.; Shull, K. R.;
Shea, L. D. Biomaterials 2005, 26, 359.

(49) Thierry, B.; Kujawa, P.; Tkaczyk, C.; Winnik, F. M.; Bilodeau, L.;
Tabrizian, M. J. Am. Chem. Soc. 2005, 127, 1626.
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specific cell targeting, as HA has an important role in the early
recognition events of a cell in its microenvironment due to its
presence in the pericellular coat of many cell types.>
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3.3. Supporting information

Figure S1: CLSM images of a (PAH/HA200),,-PAH™ film deposited on a glass slide : (A)
top-view image of the film (142.9 x 142.9 um); (B) vertical section of the same film (image

size is 35.7 um (width) x 14.1 pm). Film thickness is about 6.5 um (white line).
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Fourier Transform Infrared Spectroscopy in Attenuated Total Reflection.

Film buildup and subsequent crosslinking of a (HA/PAH), film deposited on a ZnSe crystal (pre-
coated with a polyethyleneimine precursor layer) were investigated by in situ Fourier transform
infrared (FTIR) spectroscopy in attenuated total reflection (ATR) mode with a Vertex 70
spectrophotometer (Bruker Optic Gmbh, Ettlingen, Germany). All the experimental details have been
given previously.®' The experiments were performed in a deuterated 0.15 M NaCl solution at pD 6.5.
D,0 is used as the solvent instead of water because the amide and carboxylic band of HA are affected
by the strong water band absorption around 1643 cm™ (O-H bending), whereas the corresponding
vibration in D,O is found around 1209 ¢cm™. During the buildup, the film was continuously in contact
with the 0.15 M NacCl solution and was never dried. After each polyelectrolyte deposition (4 mL for
each layer were flushed in the measuring cell), rinsing step, and the final contact with the EDC/NHS
solution, single-channel spectra from 32 interferograms were recorded between 400 and 4000 cm’
with a 2 cm™ resolution, using Blackman-Harris three-term apodization and the standard Bruker
OPUS/IR software (version 6.5). The spectrum from the bare ZnSe crystal in contact with the 0.15 M
NaCl solution (pH 6.5) was taken as reference. During the contact of the film with the EDC/NHS
solution (0.2 M and 0.05 M final concentrations respectively), single-channel spectra from 32
interferograms were recorded every 20 min. Spectra were acquired before, during, and after cross-
linking. Band decomposition in the 1540-1740 cm™ region was achieved by means of the OPUS
software after baseline correction, peak position determination and fitting of the peaks assuming a

Gaussian shape for all of them.
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Figure S2 : (A) FTIR-ATR spectra before (black line) and after the addition of EDC/NHS solution

(gray line) for (HA/PAH), film. (PAH at 2 g/L., HA820 at 5 g/L). (B) The difference between the two

spectra (before and after cross-linking) is represented. Noticeably, the carboxylic peaks of HA have

decreased whereas the amine I and amine II bands have increased, proving the effective formation of

covalent amide bonds within the film. The intensity of the 1610 cm™ carboxylic peak was obtained

after a spectral decomposition. Its decrease from 0.075 before cross-linking to 0.051 after cross-

linking gives an estimate of the cross-linking rate (32%).
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Figure S3 : Dissipations changes for the third overtone measured by QCM-D during the
(HA/PAH) film deposition on a SiO, crystal, for HA at two different concentrations: 1 g/L

(O) and 5 g/L (@) and for two different molecular weights : (A) HA11 and (B) HA200.
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Figure S4 : CLSM images of non cross-linked (top) and cross-linked (bottom) HA/PAH

capsules incubated in solutions of FITC-labeled dextran-4 (a,d), dextran-500 (b,e) and,

dextran-2000 (c.f).
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Figure SS5. Transmission images of cross-linked (HA/PAH)4 microcapsules added in a
myoblast culture (C2C12 cells)2 four hours after cell plating (2.5 x i cells/cmz) and
observed after 18 H of contact with the cells (upper image). The cell aspect was similar to that

of cells cultured without capsules in their medium (lower image).
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3.4. Complementary results

3.4.1. Use of HA at low concentration during the HA/PAH
multilayer build-up.

Different concentration regimes can be distinguisf@ hyaluronic acid in agueous
solution :
(1) the dilute regimeC < C*, where C* is the critical overlap concentration which
depends on the Mof HA, solvent and temperature.
(i)  The semi-dilute disentangled regin®* < C <C,, whereC; is the concentration at
which entanglements become elastically effectinethis regime, the viscoelastic properties
of the solution are controlled by the Rouse dynahic
(i) The semi-dilute entangled regime wit < C < C**, whereC** corresponds to the
transition to the concentrated domain. In this emiation domain, the viscoelasticity of the

solution is described by the reptation médel

Bases on these considerations, in the first paduofstudy, we examined the formation of
HA/PAH capsules using HA samples with different Bt concentrations 25% beld®¥.

Table CR 3.1. gives theC* valuesof the different HA samples used in this study. Séhe
values were derived from the intrinsic viscositysaming that C*j] is about unity.

C*[n] =1 eq.ll.1

Table CR 3.1. C* values of HA at various

Concentration of HA
HA sample n [mL/g]? C* [g/L] used (25% below C*):
[g/L]
HAl11l 514 194 14.25
HA200 517.7 19 1.42
HA820 1578.4 0.6 0.45
HA1100 1990.8 0.5 0.37

%Measured in PBS at 25 °C
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From the observation of the SEM imaged-igure CR 3.1, it can be concluded that diluted
solutions of HA are not suitable for capsule forimat whatever the M of HA. One can
assume that below*, HA cannot fully cover the CaG(particles. Moreover, as detailed in
this chapter, low M HA chains diffuse into the pores of carbonate ipi@g. This however
can be limited by the use of a solution of HA athconcentration (14g/L), which enables

formation of a HA/PAH film (se&igure CR 3.1.a).
a) HA11 (14.25g/L) b) HA200 (1.42g/L) c) HA820 (0.45g/L) d) HA1100 (0.37g/L)

)

L )

Figure CR 3.1. HA/PAH capsule formation from different Jvof HA and concentrations below C* and PAH of
2g/L. Polyelectrolytes were dissolved in 0.15M Ng@H 6.5). Citric acid (0.1M, pH 5.4) was used fmre
dissolution.

3.4.2. Effect of the chelating agent on the polyelectm®lyt
assemblies

EDTA, which was successfully used for the dissolutof CaCQ for the synthesis of
PSS/PAH capsuléscaused multilayer dissolution when HA at low, Mas used.
From this result, citric acid was selected for cdigsolution instead of EDTA, resulting in
hollow capsules for all HA samples tested (HA11, 208, HA820 and HA1100), as
described previously.
As soon as we established the optimal conditiongie fabrication of HA/PAH capsules
(HA820 at a concentration of 5g/L), EDTA could hesessfully used to dissolve carbonate
particles. The resulting capsules are shownFigure CR 3.2 and compared with the

HA820/PAH capsules obtained after core decompasitibh citric acid.
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Figure CR 3.2. HA820/PAH capsules (HA of 5g/L) after core remouaing citric acid (a), EDTA (b).

The morphologies of the hollow capsules look simila order to provide explanation for the
disruption of the HA11/PAH multilayers and not HABRAH ones by EDTA, we examined
the effect of adding EDTA to complexes formed ia thulk, by precipitation of the PE in the
bulk.lt was found, that the non-soluble HA11l/PAHmgex in the bulk can be rapidly
dissolved after treatment with EDTA (0.1M, pH 7.®hile the HA820/PAH precipitate

remains stable under the same conditions. Furtt@itiens of EDTA lead to the formation of
transparent gel-like aggregates which could diggbleompletely only after high EDTA

excess. These observations thus indicate that ML ##AH multilayers are more sensitive to
the presence of EDTA than the multilayers baseshtdngled chains of high WHA820.

3.4.3. Dialysis process

The use of gentle dialysis instead of centrifugatiluring the core dissolution and washing
steps with water allowed us to improve the morpggplof capsules. As shown Iygure CR

3.3 the “soft” capsules were not deformed when dialypsocess was used.

a) b)

Figure CR 3.3. HA200/PAH capsules after core removal using éeigiation a) and dialysis process b). Scale
bare 1Qum a) and fim b).
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4.1. Resume (fr)

Ce chapitre est consacré a la sythése et caratignisde capsules a base d’acide
hyaluronique et de polycations biocompatibles. €agssules étant destinées a étre utilisées
comme transporteurs de principes actifs, nous avaherché a remplacer la
poly(allylamine)(utilisée dans le chapitre 3) parpolypeptide, la poly(L-lysine) (PLL), et un
polysaccharide, un dérivé quaternisé du chitos@aH).

Les capsules a base de HA/QCH s’averent étre stablalgré I'absence de pontages
chimiques entre les couches contrairement aux tzgpgwéparées a partir de la PLL.
L’obtention de capsules a partir de ce polypepitlede HA a nécessité une étape de
réticulation chimique du film de HA/PLL par coupt&agamine-acide en présence d'un
carbodiimide hydrosoluble. Ces résultats s’expliquear des propriétés de complexation
différentes de la PLL et du dérivé QCH vis-a-visHi.

Afin d’évaluer les applications potentielles de capsules pour la libération de médicaments,
nous avons comparé les propriétés de perméabilite elégradation enzymatique de ces
différents types de capsules. Les résultats obtemusours de cette étude indiguent la
possibilité de moduler la perméabilité des capsetefonction du degré de réticulation et de

la présence d’enzyme hydrolysant le HA, dans léemiénvironnant.
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4.2. Introduction

The study presented in chapter 3, dealing withfaélbeication of capsules made from
HA and the synthetic polyelectrolyte PAH, showedttthe formation of hollow capsules
made from sensitive, highly hydrated hyaluronicda@quires suitable mild experimental
conditions. In particular, the molecular weighttgfaluronic acid and its concentration play
important role in the formation of the multilayesseambly, which should remain stable after
core dissolution. We first selected a synthetig/gl@ctrolyte - poly (allylamine) PAH as the
polycationic partner of HA since much is known abde behaviour in the case of LbL
capsules made from synthetic polymers. Howevercémtrolled drug delivery, it would be
preferable that LbL capsules are composed of foibcompatible, biodegradable, nontoxic
components.
In the next step of this work, we thus replaced P#Hbiocompatible positively charged
polymers: a polypeptide, i.e. polyfysine) (PLL)), and a polysaccharide, i.e. a ctaio
derivative (QCH) Table 4.1).

Table 4.1.Molecular structures of polycations used as pastne

of HA for the synthesis of microcapsules.

Cationic
Molecular structure M, (g/mal) pKa
polyelectrolyte

Poly(allylamine) chloride
PAH n 70 x10 ~8.5"

Poly (L-lysine) bromide

o 2
15x10°- 30x10 ~9.0
PLL .
*PNH
OH OH
HO Q [ Hor~LY omb
Ho ° o | RO NhR OH
Quaternized chitosan NHR OoH n & \
180 x1 ~8.5
QCH R = COCH4, H or
cr, OH
(H3C)sN

*-value of initial CH
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PLL was selected, since it is biocompatible, noticconon antigenit; but also can be easily
modified with bioactive molecul@sThis polymer is also widely used for the promotiuf
cell adhesion on solid substrétes

The second polycation selected as a partner of AL capsule formation is chitosan, the
main derivative of chitin. CH is used for differdsibmedical and pharmaceutical applications
in wound healing, drug delivery, rheumatology, takiadvantage of its biodegradability,
biocompatibility, bioadhesivity, antifungal, antitiarial and immunoadjuvant properties
Since chitosan is soluble in water only under acatinditions, which are not suitable for our
conditions of capsule preparation, a CH derivatbgduble in water at neutral pH was
required. For this aim, a selectively quaternizeerivéitive of chitosan (QCH) was
synthesized following a literature methdd

In order to evaluate the potential use of capsatesirug carriers, we first investigated
their morphology and stability properties under gblpgical conditions using several
complementary techniques (ITC, QCM-D{-potential measurements, microscopy
techniques,). These properties were compared ifirgtesection of the chapter.

Since disruption of the multilayer was observeddome capsules, we investigated routes
to improve the stability of the shell, based ondltemical cross-linking. These chemical
modifications are described in the second sectidhi® chapter.

Finally, having the established feasibility to aobtestable capsules from different
polycationic partners, we report in the two lasttiems the permeability and enzymatic

degradation properties of the nanoshells.
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4.3. Results and discussion

4.3.1. Synthesis of capsules based on HA, role of the
polycationic partner on the morphology and
stability properties

4.3.1.1. Analysis of HA/PAH, HA/PLL and HA/QCH
complexation in the bulk and on planar surface

« |sothermal Titration Calorimetry (ITC)

Isothermal titration microcalorimetry experimentserey performed on HA/PAH,
HA/PLL and HA/CH systems. From this technique, etation between the film build-up and
the complexation heat was fodndhdeed, it has been reported that in the caseutilayer
film build-up, strong interactions between polyételytes lead to linear growth of the film
with the number of deposited layers whereas wetdantions make exponentially growing
films. Spontaneous complexation between two opelysitharged polyelectrolytes such as
PSS/PAH is accompanied by negative value of Gildes énergy chang&G). AG change is
related to the enthalpy chand¥H), entropy changeS), and temperature (T), according to:

AG =AH - TAS eq. IV.1
AG is negative for any interaction for whiétH is negative and\S is positive. Since the
polyanion/polycation interactions are usually acpamied by an entropy increase, only
enthalpy changes are considered. When the polygalycation complexation process is
exothermic (negativ&H), the complex is expected to be “strong” witheadency to form
linearly growing LbL film. On the other hand, wh#re polyanion/ polycation complexation
process is endothermic (positid¢l), the complex should be much weaker. This is etque
in the case of exponentially growing filihs
In our studies we performed isothermal titratiologenetry experiments on different systems:
- HA having two different M (HA820 and HA200) and PAH
- HA820/PLL and HA820/QCH
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Since the ionic strength can influence the compieraprocess, the experiment for each
system was carried out in 1) 10mM TRIS buffer apd@mM TRIS + 0.15 M NaCl. An

example of experimental data is giverFigure 4.1
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Figure 4.1. Calorimetric titration of a PAH solution (Cp=2gdr 21.3 mM) in TRIS buffer (pH 7.4) containing
0.15M NaCl at 25°C. Raw ITC data (a) and integrai@des of the enthalpy changes following injectdiiA
HA (Cp= 3g/L or 7.4 mM) (b).

Each peak represents a heat change resulting tiennjection of a small volume of HA
solution (1@uL) into the ITC reaction cell containing the PAHg®mn. The amount of heat
absorbed or released is in direct proportion toahmunt of binding. The plot of the heat
from each injection against the ratio of introdu¢#d solution can be obtained. In our case
the amount of added polyanion is low (the molaioraf added polyanion over the available
polycation is ~0.03 after 5 injections) which eresua large excess of polycation and free
charged units to interact with them upon furthely@aoion injection. This allows us to make
the assumption that all the HA chains have reaati¢inl the amino groups of PAH (PLL or
QCH). For precision data, we took into account hieat of dilution. The values for each

system are given imable 4.2.
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Table 4.2.Values of enthalpy changes for polyanion/polycatiomplexation measured by ITConcentrations:
HA200=3g/L (7.4mM), HA820=3g/L (7.4mM) ; PAH=2g/L2{.3mM), PLL=2g/L (10mM),QCH=5 g/L

(23mM) dissolved in TRIS or TRIS + NacCl.

Polvelectrolvte Global Dilution Complexation
yelectroly Conditions enthalpy enthalpy enthalpy
combination
(kJ/mol) (kJ/mol) (kJ/mol)
HAB20-PAH 25°C,pTHR:I7S410mM. 2.292 -0.22 2.512
] 25°C, NaCl 0.827 -0.21
HA820-PAH 150mM. pH=7.4 1,037
HAB20-PLL | 207 TS LomM 2.76 -0.22 2.98
] 25°C, NaCl 1.306 -0.21
HA820-PLL 150mM. pH=7.4 1.516
HA820-CHI 25 C'pLFi'f Jom 1.565 -0.22 1.785
] 25°C, NaCl 0.816 -0.21
HA820-CHI 150mM. pH=7.4 1.026
HA200-PAH 25°C, 'LR|7S 410m|\/|, 2.503 -0.23 2.733
pH=7,
HA200-PAH 25°C, NaCl 1.957 -0.003 1.96
150mM, pH=7,4

As illustrated byFigure 4.2 the positive values ofH obtained from complexation between

HA and the polycations confirm weak interactionsA@en the polyelectrolytes.

a)

Reaction enthalpy (kJ/mol)

I TRIS

WA TRIS + NaCl

HA200/PAH

HA820/PAH

Reaction enthalpy (kJ/mol)

b)

I TRIS
2 TRIS+NaCl

HA820/QCH

HA820/PAH

HA820/PLL

Figure 4.2. Values of complexation enthalpy for HA200/PAH andA820/PAH (a) and, HA820/PAH;
HA820/PLL and HA820/CH (b) in TRIS buffer (grey oohns)) and TRIS + 0.15M NaCl (white patterned

columns). The error of subsequent measurementmfosample was in the range of 6 %.
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In comparison, the literature data of the PSS/PAdt rcomplexation show an exothermic
process suggesting strong electrostatic interagtionlowever, we can observe some
differences in enthalpy changes between the stigjisi@ms.

First, we can notice some discrepancies betweeanriti@lpy changes, depending on the Mw
of HA (Figure 4.2.9. With HA820, we obtained lower and energeticatipre favourable
values than with HA200. This difference is much Heig for the reaction performed in
aqueous 0.15 M NaCFEigure 4.2.bcompares the enthalpy variation values for theedaffit
HA/polycation systems. In TRIS buffer, the lowestesgy of complexation process was
observed for HA/QCH complexation, whereas the hsghtor HA/PLL combination
(HA/QCH<HA/PAH<HA/PLL). In the presence of salt,ethtHA/PLL appears to be the
weakest complex with respect to HA/PAH and HA/Q@®@Hjch show similar values.

* Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)

As ITC indicated weak interactions between polyetdgte partners, QCM-D
experiments were performed to check the multilagsembly formation.
Following the optimal conditions described in Clep8, the polyanion (HA820) and
polycation (PAH, PLL or QCH) were alternatively @sjted at concentrations of 5 and 2g/L,
respectively.
Figure 4.3 displays the evolution of the frequency shift’/v during the film build-up.
Different harmonics 5, 15, 25, and 35 MHz (fundatakand three overtones) corresponding
tov equal to 1, 3, 5, and 7, respectively, were remrddeposition of the subsequent layers
on the gold electrodes results in the decreaskeeadftv for all investigated harmonics. These
variations are denoted adfAs and for third, fifth and seventh harmonics presdrdelow.
The frequency changesZf) decrease with each polycation or HA injection, aading that
adsorption of additional mass occurred. When rosimth buffer, the observed small
variation of Af toward higher negative values could be attributeddditional complexation
of residual HA staying in the tube. The high cortcation of HA leading to a viscous solution
causes adhesion onto the tube wall and hinderéreleeflow. The early portion of rinsing

buffer contains the remaining HA.
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QCM-D frequency shifts
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Figure 4.3. QCM-D frequency shifts-Af/v during the alternate deposition PAH/HA, PLL/HA a@CH/HA
multilayers obtained at harmonics 15 MHz (blacke)in 25 MHz (red line) and 35 MHz (green line) as
function of time. HA820 at concentration 5g/L andlygations at concentration 2g/L were used for toiu

preparation.

The changes of thelf/v as a function of time, for the HA/PAH, HA/PLL akth/QCH films

build-up from 4 bilayers, exhibited different feets. To have clear illustration of the film
109



CHAPTEREffect of polycationic partner of HA on capsule...

growth as a function of deposited layers, we shosvgdoints of QCM frequency shiftglffv

after polymer deposition and rinsing st&igure 4.4)
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Figure 4.4. QCM-D frequency shift-Af/v during the alternate deposition of PAH/HA, PLL/HAARQCH/HA

obtained at harmonics 15 MHz (black squares), 2% Nted circles) and 35 MHz (green triangles) asrection

of deposited layer, the points demonstrate the gdetyrolyte deposition after rinsing step. HA820d ahe

polycation were used at a concentration of 5g/L 2g/dl, respectively. Inset compares the PAH/HA fignowth

using HA200 at 1 g/L or 5 g/L.
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An exponential growth of HA/PAH film can be reasblyaassumed, whereas the HA/PLL
and HA/QCH systems behave differently. The alteveaadsorption of HA and PLL layers
shows irregular growth, with lower growth startilpm 3° bilayer. Such behaviour of
HA/PLL film build-up was already report&t In the case of the HA/QCH system, the
assembly seems to grow rather linearly with the lImemof layers. These results could also be
illustrated byFigure 4.5 showing the film thickness as the function of thanber of layers.
The 4 bilayers of HA/PAH lead to a thickness of 6, similarly to HA/QCH (~ 130nm).
On the other hand, the HA/PLL assembly is charestdrby lower thickness (~100 nm).

TAQ e reemermrrss s |

120+ // Figure 4.5. Film thickness as a function of the
’gloo-_ : B number of layers estimated by QCM-D. Deposition
580-_ T of layers are represented by symbols: PAH/HA
g 60 /,./ ye (black squares), PLL/HA (red circles), and
£ 40 /’./ / - & PAHHA QCH/HA (green triangles).

ol et

0- o

1 2 3 4 5 6 7 8
Number of layers

The differences between our results and thicknedses reported in the literature for
(HA/PAH)4 5 (~45nm™), (HA/PLL)s (from 20 to 40nmt®*3 or (HA/CH) (150-200nm’) can

be attributed to different conditions for the pregimn of capsules. The authors usually use
lower concentrations of HA (below 2g/L). As desedbin Chapter 3, the polysaccharide
concentration has a large impact on the film foramtFor a HA concentration of 5g/L, the
film growth was more rapid than that for a HA comication of 1g/L Figure 4.4,inset).

In conclusion, QCM-D analysis allowed us to obsethe multilayer build-up from HA820
with the three different PAH, PLL, QCH polycatiori®apid growth of film thickness due to
the high HA concentration was observed in all sddfilms. However the film growth

process was found to depend closely on the nafyrelygcation.
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4.3.1.2. Synthesis of HA/PAH, HA/PLL and HA/QCH hollow
capsules and their characterization

a) Build-up of multilayer assembly on CaGgQore

For the construction of the multilayer assemblyfralA and the different polycations
on calcium carbonate template, we used the optohgpaditions established for the synthesis
of HA/PAH capsules.

Figure 4.6 illustrates the changes of tGepotential values of the particle suspensions durin
the alternative adsorption of HA and polycations.
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Figure 4.6.Variation of the-potential value as a function of layer number wigiiLbL coating of CaC®
particles: a) HA/PAH, b) HA/PLL and c) HA/QCH bilass.
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The first deposited HA polyelectrolyte layer is @aerized by a low ( ~ -30 mV) potential.
The adsorption of polycations turns the potentigh $0 +20 for PAH and PLL, and +30 mV
for QCH. Deposition of the next HA layer results anzeta potential value again around
-30mV in all three cases. However, the subsequasaration of the polycations shows that
the value increases but not so strongly as inti@he values are slightly positive or close to
zero). PAH, PLL or QCH exceed the minimum amourddael to neutralize the charges of
HA islets which are formed at early stage of thé& ibn formation. These individual islands
interconnect and provide an increased surface thi@amay facilitate polycation diffusion
into the whole filmf*. Polycation chains together with their counteritrasel in and out of the
multilayer without forming complex bearing the neiga charge of Cl In consequence, the
zeta potential value of covered patrticle is low.

The constant positive value of QCH-coated particiear to 20 mV suggests a different
behaviour of QCH chains compared to PAH and PLLHQE a semi-rigid polymer with a
high M,, 180x10g/mol compared to PLL and PAH (¥510° - 30 x 16 and 70 x 18y/mol,
respectively). These macromolecular features mayit lidiffusion of the cationic
polysaccharide within the multilayer assembly.

The changes of zeta potential of coated HA200/PAHiges demonstrated in Chapter 3 also
show strong negative and slightly positive values HA and PAH deposited layers
respectively.

In Figure 4.7, a model of chain behaviour in the multilayer filspresented.

The penetration of the flexible low MPAH or PLL into the HA layer is relatively eashet
contrary is observed for the high Mw and semi-riQidH.
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a) HA-coated particle b) HA/PLL-coated particle  c¢) HA/QCH-coated particle
Layer of semi-rigid HA chains Diffusion of PLL chains within Semi-rigid chains of QCH
entire multilayer deposited on the HA layer

+ +

=== N
— — + 4

Figure 4.7. Schematic representation of multilayer build-upngsHA as a polyanion. (a) The semi-rigid
character and entangled chains of HA,@1820x16g/mol) promote the formation of a thick and cohedayer;
(b) flexible small synthetic polyelectrolytes (PAdthd PLL) can diffuse easily into the porous layeH#,; (c)
semi-rigid high Mw QCH chains (= 180x10g/mol) can not penetrate into the HA layer.

The CaCQpatrticles coated by HA/PAH, HA/PLL and HA/QCH filnecemposed of 2.5, 4.5,
6.5 bilayers together with the native Ca{Jsarticles are presented beloigure 4.8).
Comparison of the surface of the native Cg@articles with that of the particles coated by
HA/PAH, HA/PLL or HA/QCH multilayers demonstratesoafl coating of the porous
carbonate core in all cases, starting fraim bilayers.

Films made from HA820 at a concentration of 5g/ccassfully covers the pores whatever
the polycation used.

Both above techniques(-potential measurements and high resolution-SEM)vided

evidence of film build-up on the carbonate surface.
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Figure 4.8.CaCQ particles alone and with deposited layers of HA820 (c = 5g/L) and differpotycations:
PAH (M, = 70 x 16 g/mol), PLL (M, = 15x 16 — 30 x 18 g/mol), QCH (M, = 180x16 g/mol) at a
concentration = 2g/L each. The first and outerndegosited layer is HA.
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b) Characterization of hollow capsules

» Structural characterization by Fourier Transform In frared Spectroscopy with
Attenuated Total Reflectance (FTIR-ATR)

As described in Chapter 3 in the complementaryli®seDTA (0.1M, pH 7.4) was
used to remove the core from the HA/PLL and HA/Q@dting under mild conditions.
The composition of the hollow capsules was analyseBTIR-ATR spectroscopy after direct
deposition of freeze-dried capsules on a diamowstal Figure 4.9 compares the spectra of
HA/PAH, HA/PLL and HA/QCH capsules with those ottial polymer alone.
In the spectra of hollow HA/PAH, HA/PLL and HA/CHgsules, three main regions can be
distinguished: the peak between 950 and 1200carresponding to the skeletal vibration of
the saccharide units'® the intense peak at 1550 - 1680ctwhich corresponds to the amide |
and amide Il bands of HA together with those of QTst PLL'".
The symmetric stretch of -CO@t 1400crit belonging to HA can be clearly identified in all
the spectra confirming the successful formation gstfells based on HA/polycation

complexation.
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Figure 4.9 FTIR-ATR spectra of individual polymers: HA (bld¢c PAH (red), PLL (green), QCH (blue) (a),
and HA/PAH (red), HA/PLL (green) and HA/QCH (bluggpsules (b).
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* Morphology of hollow capsules

Morphology of capsules was observed by SHNg(re 4.10 and CLSM Figure
4.11) techniques in the dried state and in aqueoudiso|uespectively.

Scale
bare HA/PAH HA/PLL

[pm]

20

Figure 4.10.SEM images of dried HA/PAH, HA/PLL and HA/QCH cajes. All multilayers were composed of
4.5 bilayers (HA occurred as the first and the thegiosited layer). Scale bar: 20, 5 apth2respectively.

As already discussed in Chapter 3, HA/PAH capsalesollapsed after drying. The diameter
is about pim which corresponds to the core size. The samelusion can be drawn for the
HA/QCH capsules although some irregularities (gpon the shell surface can be observed.
Such small grains were already observed on the maflaces of (PSS/PDADMAGY,
attributed to local reorganization of chains aesult of water evaporation. In contrast, the
HA/PLL capsules appear to be much smaller (g2 which can be explained by the
shrinkage of the capsules as suggested by the CinsMe Figure 4.11) All capsules
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prepared in this work showed a tendency to aggeedédtis was more pronounced in the case
of HA/PLL shells Figure 4.10.

Scale
bare (HA/PAH) 4,5 (HA/PLL) 4,5 (HA/QCH) 4,5

[pm]

10

Figure 4.11.CLSM images of HA/PAH, HA/PLL and HA/QCH capsules an aqueous suspension. The high
intensity of green colour is the effect of fluorest properties of dextrh® (Mw = 4 x 1Gg/mol) lution.

FITC labelled dextran is adsorbed within the shatleigh concentration allowing visualisation opsales.

In order to get additional information about theltibayer shells, AFM experiments on
dried capsules were performed. The folded flat goaphy induced by the collapse of the
capsules during the drying process allows the measents of the wall thickness. From its
profile, the difference between the background tnedlowest region of the shells gives the
wall thickness Figure 4.12).
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Figure 4.12.AFM image of a dried HA/PAH capsules with corresgimg profile.

The values of the wall thickness for all capsulesgiven inTable 4.3 For comparison, the

corresponding thicknesses derived from the QCMudist are presented.
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Table 4.3.Values of the wall thickness of dried capsulegdeined by AFM and planar film thickness derived

from QCM-D analysis. Capsules contain 9 layerstaedlanar films 8 layers.

) ) Thickness
Multilayer Diameter
AFM QCM-D
HA/PAH ~5um 74 nm + 42 140 nm
HA/PLL ~2.5m Not measured 100 nm
HA/QCH ~4um 160nmz 40 130 nm

The AFM image measurements were performed in thezl ditate, whereas QCM-D studies
provided values of film thickness in the swolleatst

While the HA/PAH and HA/QCH planar films have almhdke same thickness (~140 and
130nm), the HA/PLL assembly is characterized bywelr value (~100 nm). In the dried
state, the HA/PAH capsules show thinner shells (ri#} than HA/QCH (~160 nm). The
drying can induce strong interactions between HA BAH via hydrogen bonding, resulting
in a thin film. Such an effect may be limited faetHA/QCH capsules which are made of two
semi-rigid polymers. As mentioned above, it was pagsible to measure the HA/PLL shell
thickness due to the shrunken structure of theutapsand the lack of collapsed flat domains
(minimums) necessary for thickness estimation. Ehankage reflects poor mechanical
properties of the HA/PLL shell, which may be a cansence of the weak complex formed
between HA and PLL. In such conditions, it can Bsuaned that EDTA can behave as a
competitive agent of HA and act as a “plasticizeetween polymer chains.

The high values of HA/PAH and HA/QCH capsule thieks obtained by AFM after drying
may be surprising but it can be partially explain®dthe porous structure of the CagfO
surface. The thickness of the film on porous s@sashould be higher than on the smooth
surface of the QCM crystal as illustratedFigure 4.13 Pores favour the adsorption of large

amounts of polymer, higher than on a smooth sutface
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Film on the porous Film on the smooth
surface surface
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Figure 4.13.Formation of the polyelectrolyte film on porous éd smooth (b) surface.

The thickness of synthetic (PAH/PS8)ultilayers deposited on MnGOCdCQ and CaCQ@
particles is equal to 15, 14 and 30nm, respectiVeGapsules prepared on smoother surface
(MnCQO; or CdCQ) have thinner walls then those fabricated on yeEmpus CaCe@patrticles,
where layers are formed not only on the top ofghgicle, but also in the pores and inner
cavities. High discrepancy in thickness between F¥8$ shells® and HA/polycation shells
fabricated in our work can arise from several pat@nms such as: the semi-rigid nature of
polysaccharides, their highly hydrated state anel $pecific conditions used for shell
formation (high Mw and high concentration of HA).
Regarding the thickness values of multilayer filmade of polysaccharides reported in the
literature, they appear to be in the range of 40-20, depending on the polyelectrolytes used,
number of layers and conditions of multilayer fotima, seeTable 4.4

In conclusion, the hollow HA/PAH and HA/QCH capsukhow a round shape, with a
diameter of ~gm and a wall thickness of 74 and 160nm, respegtivéh/PLL shells shrink,
leading to a diameter of ~2Bn. The disrupted structure of the HA/PLL wall mag due to
EDTA interference into the multilayer structure idigr core dissolution. The HA/PAH and
HA/QCH complexes are strong enough to keep thaggnty. HA/PAH walls exhibit a
relatively smooth surface contrary to HA/QCH coabgdgrains. In order to overcome these

problems, shell cross-linking was then investigated
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Table 4.4.Literature data of the film thicknesses made frotysaccharides deposited on planar surface

except (CH/Dext), deposited on the ibuprofen particles.

Multilayer Method Thickness
(HA/PAH)s Ellipsometry ~ 40nnf°
Silicon wafers
(PLL/ALG), Ellipsometry ~80 nnf'
Silicon wafers
(CH/Dext) Single particle Light Scattering ~40nm*
Ibuprofen crystals
(HA/PAH), QCM-D ~40nm°
(HA/PLL), QCM-D ~40nm™, ~20nm®*+
Elipsometry
(HA/CH)g QCM-D 150-200nr?

4.3.2. Cross-linking of the microcapsule shells:
improvement of morphology and stability

a) Conditions of cross-linking and FTIR-ATR analysfs o
modified shells

The capsule shells were cross-linked using the aaod coupling reported in
Chapter 3. The carboxylate groups of HA are comkento activated esters by reaction with
EDC diimide group, which can then be reacted wiith &amine groups of the polycation to
form amide bonds. This method of cross-linkingr FA/PLL, HA/QCH, and HA/amine-
modified HA multilayers on planar surface has bsenlied in detaif**1>1"%2"Herein, the
elasticity, biodegradability, cell adhesive propest stability of cross-linked planar films
compared to non cross-linked films were analyzext. dapsules, EDC was applied to cross-
link PAH/PAA shell$®,

In this study, we investigated the effect of crbsking on the HA/PAH, HA/PLL and
HA/QCH capsule morphology.

Reactions were performed on HA/polycation multilageposited on CaCQOparticles in
agueous conditions at pH 6.5. This pH is favourablkeep complex integrity, especially in
the early reaction step when the electrostaticacteons still play an important role on the
multilayer integrity. The particles with depositedultilayers were incubated in freshly

prepared EDC/NHS solutions overnight at room terajpee followed by core dissolution (3
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x 2h EDTA 0,1M) and washing with water. Considerthgt concentration of the coupling
agent can influence the degree of cross-linking lagnce, the mechanical properties of the
film*>%° different concentrations of EDC (50, 200 and 400)mvere tested from HA/PAH
capsules. Structural and morphological changes afbss-linking were analysed by means of
FTIR-ATR spectroscopy and SEM, respectively.

Figure 4.14 compares the FTIR-ATR spectra of the cross-linked aon cross-linked
HA/PAH capsules, after treatment with EDC at difetrconcentrations.
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Figure 4.14.FTIR-ATR spectra of a) (HA/PAH) hollow dried capsules without cross-linking (réte) and
cross-linked with 50mM EDC (triangles), 200mM EDgLj¢arey 400mM EDC (circles). The difference
between the two spectra (before and after cro&sli is represented b).
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Compared to HA/PAH non cross-linked capsules, titenisity of the peaks attributed to —
COO symmetric (~1400 ci) and —COO asymmetric stretch of HA (~1610 &n
significantly decreased after cross-linking (in @lses when cross-linking agent was used).
The amide | and amide Il bands at 1670"cand 1540chi respectively, emerged after
covalent amide bond formation. It can be noticédt these two peaks are better resolved
when higher concentrations used, 200 and 400mM. Thlearp peak at wavenumber
1036 cn, attributed to C-N vibratiofi, increased also. The intensity of this band wasdo

to be similar for the two higher EDC concentratigd®0 and 400 mM) and approximately
two times lower for the 50mM concentration.

Based on the assumption that the degree of cnosisidj is nearly maximum for EDC
concentration of 200mM, the HA/PLL and HA/QCH skellere cross-linked under these
conditions.

Figure 4.15compares the FTIR-ATR spectra of the HA/PLL and/@WA cross-linked and

non-cross-linked capsules.
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Figure 4.15.FTIR-ATR spectra of (HA/PLL)s hollow dried capsules without cross-linking (thiaie) and
cross-linked with 200mM EDC (squajdsa), and (HA/QCH) s hollow dried capsules without cross-linking
(thick line) and cross-linked with 200mM EDC (sgesu(b). Below, the differences between the two sgectr

(before and after cross-linking) are representedtéd lines).

Several modifications of the FTIR-ATR spectrum ofA/RLL capsules after cross-linking
could be observed. The peak of HA carboxylate deme while the amide | and amide I
bands emerged. These changes are less pronoundkd gase of the HA/QCH capsules.
Since the spectrum is the result of the associaifawo polysaccharides, some overlapping
makes the identification of amide bands difficdlhe differences between the spectra before
and after cross-linking may be related to a low rdegof cross-linking caused by
guaternization of chitosan (DS=0.31). Additionallggs discussed above, the semi-rigid
character and high Mw of QCH may hinder diffusiontiee chains within the HA layer,
which implies that some acid and amine groups maynbt available for amide bond
formation Figure 4.16. However, in any case, the C-N band at 1036@an be seen,

providing evidence of cross-linking.
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a) 2 b) é
Figure 4.16. Structure of HA/QCH (a) and HA/PLL (b) multilayewvsith amide covalent bonds. Blue chains

are from HA while the red ones are from polycati¢g@<CH or PLL). Stars indicate the sites of amidado

formation.

b) Effect of cross-linking on the morphology of HA/PAH
HA/PLL and HA/QCH capsules

After cross-linking of the multilayers and core sbkition, the surface of the dried

capsules was observed by SEM. Capsules were assywveldl in aqueous solution containing
FITC labelled dextran as a fluorescent agémgures 4.17and4.18compare SEM and CLSM
images of non cross-linked and cross-linked HA/PRIA/PLL and HA/QCH capsules.
The SEM images show that cross-linked HA/PAH andPA. capsules have smooth surface
and a compact thin wall. Cross-linking process tinthe swelling of the capsule shells.
However, under such cross-linking conditions thealigs” observed on non cross-linked
HA/QCH walls remained without changes.

All the cross-linked capsules presented in aquesnlation exhibit well formed
spherical shapes with a size ofusd. Thus, the shrinkage of HA/PLL capsules could be
prevented by cross-linking the multilayer assemi@ye can also notice that cross-linked
capsules have lower tendency to agglomerate than amoss-linked. The diffusion of
fluorescent dye into cross-linked and non crosselthcapsules will be detailed in the next

paragraph.
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(HA/PAH) 45

Non cross-linked Cross-linked

Non cross-linked Cross-linked

(HA/QCH) 45

Non cross-linked Cross-linked

Figure 4.17.SEM images of (HA/PAH);, (HA/PLL),s and HA/QCH non cross-linked (left) and
cross-linked (right) hollow capsules.
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(HA/PAH) 45

Non cross-linked Cross-linked

(HA/PLL) 45

Non cross-linked Cross-linked

(HA/QCH) 45

Non cross-linked Cross-linked

Figure 4.18.CLSM images of (HA/PAH)s, (HA/PLL),s, and (HA/QCH) s non cross-linked (left)
and cross-linked (EDC 200mM) (right) hollow calesuincubated in fluorescent dextran-4 solution.
dextran-4 dissolved in MES at pH 6.5.

Regarding the influence of the degree of crossHigkcontrolled by the amount of EDC
added) on the capsule morphology, no clear difisxerould be observed by SEM images
(Figure 4.19.
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(HA/PAH) 45

200mM

Figure 4.19. HA/PAH and HA/PLL capsules cross-linked by means 58f, 200 and 400mM EDC.
Scale bar =agm.

A small concentration of cross-linked agent (50mMas enough to introduce
morphological changes onto the capsule walls coetpdo the non cross-linked ones.
Capsules are characterized by smooth thin waltdlinases. Finally, it can be noted that the
HA/PLL capsules are more collapsed than the HA/R¥igs. This might be related to the
lower thickness of the HA/PLL capsules as suggesieAFM data given irFigure 4.19 It
was found to be three times lower than that of H¥Rcapsules.

(HA/PAH) 45 (HA/PLL) 45

00pm 20 4,0 6,0 30

186 nm

Figure 4.20. AFM images of air-
dried (HA/PAH)5 (up) and
(HA/PLL)45s (down) cross-linked
am | (EDC  200mM) capsules and

corresponding to them thickness

0,04 prm

E profiles.
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4.3.3. Shell permeability of cross-linked and non
cross-linked capsules

Permeability of the LbL shells is one of the kepperties of polyelectrolyte capsules.
As discussed in the first chapter, permeability dapend on several parameters such as the
layer thickness, used polyelectrolytes, externaldd@mns such as pH, temperature, ionic
strength, presence of organic solvent. The perrtigagiso varies as a function of the nature,
charge and size of the probe molectfté$>*
Preliminary permeability studies of HA/PAH capsula® reported in Chapter 3. In this
chapter we compare the permeability of all typesafsules. Cross-linked and non cross-
linked capsules were investigated. Diffusion of tde''© samples from outside into the
interior of hollow capsules was first investigagsia function of the Mw of dextran (4X10
500 x 16, 2 000x16 g/mol) and the ionic strength of aqueous solution.

Following this, we examined the encapsulation oftids as a model of drug.

a) Permeability in aqueous solution without salt

The permeabilities of non cross-linked and croskdd capsules were evaluated from
the ratio of fluorescence intensities between #ysale interior ¢;) and surrounding solution
(Tex)-

In the case of non cross-linked HA/PAH capsuleg @LSM images show different
permeability properties for a given sample (Figdr21l). Whatever the Mof dextrah'c,
about 30% of the capsules exhibit strong permagtitiward the probe ( >90% of probe

penetration in the agueous conditions).
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FITC 4

Dextran

Dextran™¢-500 Dextran™"-2000

(HA/PAH), 5

Figure 4.21 CLSM images of non cross-linked HA/PAH capsulesubated in dextraH® -4, -500 and -2000
solutions, respectively.

The difference between permeability of the sheliagpeared after cross-linking. This result
might suggest that cross-linking protects from ujpsion of the multilayer integrity during

core dissolution. Indeed, this process allows tabiksation of capsules by avoiding the
diffusion of polyelectrolytes.

100
90
80

HA/PAH

Figure 4.22.Permeability of non cross-linked and cross-linkagsules. Permeability is expressed as the ratio of
intensities by capsules interiorggland surrounding solutiong()) 20 min after mixing capsules and solutions of
dextran'"“-4. For HA/PLL the permeability was estimated ofty cross-linked capsules. Cross-linking was
performed using EDC at a concentration of 200mMe &terage value was taken from 7-10 capsules.

Compared to non cross-linked capsules of HA/PAK Itk ~75%), those made of HA/QCH

show lower permeability i(l/lexi ~20%) Eigure 4.22. These capsules however become more
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permeable than the HA/PAH ones after cross-linkidg/PLL non cross-linked capsules
were not analysed due to their shrunken structirean be noted that the permeability of
HA/QCH capsules after cross-linking did not chasggificantly. As discussed previously,
the cross-linking density may not be high enoughinftuence the permeability of the
HA/QCH system. The lowest diffusion for cross-lidkeapsules was obtained for HA/PAH
and HA/PLL capsules.
In the next step, in order to investigate the effefc cross-linking density on the

permeability, we used HA/PAH and HA/PLL capsulesated with different amount of EDC
(50, 200 and 400mM)Figure 4.23 compares the permeability of HA/PAH and HA/PLL

capsules as a function of EDC concentration and dfdextran (FITC, Dext'“-4, -500, -
2000).
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Figure 4.23 Ratio of fluorescence intensities capsules ioter(l,;) and surrounding solutiong()) 20min after
mixing capsules and solutions of FITC (squares)dedran’ © molecules of different i (4 x 15
(rhomboids), 500 x T@/mol (triangles) and 2000 x ¥Pmol g/mol (turned triangles)) for HA/PAH (a) and
HA/PLL cross-linked capsules (b). The covered mindicate the same permeability ratio.
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The permeability of HA/PAH and HA/PLL cross-linkexhpsules for dextraf®-500 and
dextrait'"“-2000 remains very low (equal or near to zero)albcross-linked capsules. FITC
and dextra'-4 partially diffused into the interior of capsulesith permeability values
depending on the amount of EDC used. Capsules shmiatively high permeability, when a
low concentration of EDC was used, while permegbdiecreased significantly when EDC
was used at concentrations of 200mM and 400mM. latvaconcentration of coupling agent
(50mM), the diffusion of FITC and dextraff-4molecules was higher in the case of HA/PLL
(55 and 32%, respectively) than HA/PAH capsule2%% for both). When EDC of 200mM
used, permeability decreased down to ~ 10%. Onetluas conclude that when an EDC
concentration of 200mM is used, the permeabilityooees relatively low.

Comparison with literature data supports our casiolis suggesting the possibility to tune the
modulate permeability of capsules by cross-linkifigpe reduction of permeability in the
shells after cross-linking was observed for the KIFASS) capsules which in the native form
were permeable for dextran at Mw 460%j/hol and became impermeable after treatment
with glutaraldehyde as a cross-linking ag&nCross-linking of ALG in the (ALG/CH)

capsule shells with calcium ions decreased thdiineelease rat.

b) Permeability in salt

As described in Chapter 1, the permeability of oégss increases at higher ionic
strength due to a weakening of the electrostaticlibg between the oppositely charged
polyelectrolyte&*323437

In this study, NaCl was added into the aqueousenspn of capsules in order to
increase the ionic strength (NaCl salt was addéal MES to obtain a final concentration
equal to 0.15M). As illustrated yigure 4.24the permeability of HA/QCH non cross-linked
capsules increased dramatically, contrary to HA/R#ids, which maintained a similar level.
This can be related to the different structure &/®ICH multilayers as described in
paragraph 4.3.1.2.The high molecular weight and semi-rigid conformmatof QCH and HA

hinder interpenetration of the chain and facilateeir repulsion in the presence of salt ions.
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Figure 4.24.Permeability of non cross-linked HA/PAH (red) HAZ® (blue) capsules without salt (uniform

columns) and with presence of salt (0.15M) (smbtiolumns). Dextrat “-4 was used for diffusion.

In the case of cross-linked capsul@sgure 4.25) a high increase in diffusion,
especially for small molecules such as FITC or Bexwas observed. In 0.02M MES buffer,

the cross-linked capsules contain closed poresewhilNaCl solution open pores which
enable diffusion.
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(HA/QCH) 45

lint/lext (%)

—0O— without NaCl
—ll— with NaCl

T
Dext-4

Figure 4.25.Permeability of cross-linked HA/PAH (a), HA/PLL)(land HA/QCH (c) capsules in the absence
(open squares) and in the presence (filled squafeslt. Dextraf"“-4, dextraf'"®-500, dextrai"“-2000 were
used for diffusion throw HA/PAH and HA/PLL shellshile only dextrah™®-4 molecules for HA/QCH shells.

c) Encapsulation of fluorescent molecules as modejsiru

The next step of the study considered the encapsulaf dextran-4, as a model drug, inside
the capsule cores. High surface area and the mresdmanometer-sized pores and channels
in CaCQ particles enable the adsorption/diffusion of mamstecules inside the core with
very high loading. As reported in the literatute dextran-4 (R= 2nm) can diffuse into the
interior of porous structure of Ca@@hile dextran-2000 (R= 26nm) is retained on the
surface due to its large size. Taking advantaghisf dextran-4 was encapsulated inside the
core in order to be coated by the HA/polycatiomfil

a) b)

Figure 4.26.CaCQ particles with adsorbed Dextr-4 (a) and Dextr-2Q)0
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After adsorption of dextran-4 onto Cagfarticles, deposition of layers was performedap t
4.5 bilayers. For some capsules, the core was rethdirectly after multilayer deposition,
while other coated particles were treated with Bigfore template dissolution.

As illustrated byFigure 4.27, a large part of encapsulated Dext-4 diffused afuthe non
cross-linked capsules, while it remained entrappdle case of cross-linked ones.

The measurements of the fluorescence intensityd®utee cross-linked capsules incubated in
MES or in MES with salt (after 4 hours) over flustence emitted by encapsulated
dextrai'"® show very small amounts of released dextran (<3%)can be seen froffigure
4.28 the release of dextran increased in the presensalpfbut only slightly. This result is
different from that obtained from the experimengsdx on the diffusion of dextran from
outside into the interior of capsules. Under thesaditions, permeability dramatically

increased in the presence of salt.
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Figure 4.27. CLSM images of non cross-linked (a) and cross-lihkb) (HA/PAH),s microcapsules with
encapsulated dextran-4 (top) supported with therélscent profile (bottom).
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Figure 4.28.Permeability of the cross-linked HA/PAH and HA/Ptapsules without and in the presence of
salt. Permeability was measured in two directiatiffusion of dextran-4 from external environmertbiimterior

of capsules (red columns), and liberation of enalped dextran-4 outside (blue columns).

This study thus established the possibility to Iddd/PAH and HA/PLL cross-linked
capsules with small molecules of dextran-4. Ongfight release was observed after 4 hours.
Macromolecules encapsulated inside PSS/PAH capstblesed similar slight release. This
was attributed to the formation of an internal ratwof complexed polyelectrolytes, due to
the diffusion of the synthetic polymers in the carate core. In our case, we used high M
HA to prevent diffusion. However, as mentioned najgter 3, we could detect small amounts
of HA in the interior of capsules. This may form gel-like complex with other
macromolecules, therefore limiting their leakage.

4.3.4. Enzymatic degradation

Degradation of native and chemically cross-linked Hy tissue enzyme such as
hyaluronidase has been extensively studféd
Hyaluronidase (Hase) is an enzyme which degradedutonic acid (HA) by randomly
cleavingpB-N-acetyl-hexosamine - {24) glycosidic bonds, forming oligosaccharides, main
tetrasaccharides as the smallest fragments Wititetylglucosamine at the reducing end.

Generally, the enzyme is extracted from bovine ahdep testes or from bacteria for
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commercial aims. In the human body, it is foundbrigans (testes, spleen, skin, eye, liver,
kidney, uterus and placenta) and body fluids (eaid, blood and sperm&)*°.

Enzyme concentration in human serum is 2.6 U/mliarattive at 37°€. Previous studies
demonstrated that HA/QCH and HA/PLL planar fiimaulkcbbe degraded by Hase at high
concentrations (500 and 1000 U/ml, respectivéfy) Such concentrations are in the same
range of magnitude of those used for degradatiadfsbased chemical géfs™® In the case

of gels, high Hase concentration is required for dHgestion which has been attributed to the

formation of compact networks with a lower permégbio enzymes.

Owing to the potential applications of HA capsudssdrug delivery systems, we investigated
their enzymatic degradation using concentratiothamrange of 10-500U/mL. Incubation of
capsules with Hase (from bovine testes) was peddrat 37°C in MES buffer. In order to
exclude the assumption that eventual changes incdéipsules are due to the increase of
temperature, we studied the behaviour of capsulgg°&€ without enzyme.

The contact with Hase at concentrations of 10 &id/fl did not lead to noticeable changes
of HA capsules. As can be seen fréigure 4.29 in the presence of 500U/mL Hase, only the

HA/PLL capsules with initial shrunken morphologgéotheir structural stability.

Capsules 37°C 37°C + Hase (500U/mL)
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Figure 4.29. Confocal and their transmission equivalent image#lA/PAH and HA/PLL non cross-linked
capsules at 37°C solution and at 37°C in contatit Wyaluronidase of 500 U/mL. Enzyme was dissolved

0.02M MES solution at pH 6.5. The capsules weneethiwith dextrafi"-4 20min before observation.
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The higher sensitivity of the HA/PLL capsules maydue to weaker interactions between the
polyelectrolytes compared to the HA/PAH or HA/QClbktems, as described above. This
may facilitate the accessibility of the enzyme lycgsidic bonds of HA, resulting in a higher
degradation of the multilayer. Moreover, it can mated that the concentration used for
HA/PLL degradation is close to that required far thegradation of films and gels.
Degradation of cross-linked capsules demonstrated-igure 4.30 shows that

permeability of HA/PAH shells does not change aftentact with enzyme contrary to the
HA/PLL capsules of which permeability increased +dldls. However, the capsules did not
change their spherical shape. These results magesugnly partial degradation of the shells

due to the presence of covalent bonds betweenlpotyelyte partners.
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Figure 4.30. Degradation of cross-linked
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&
——
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Compared to recent results published by Lee € ghe release of BSA protein from cross-
linked HA/PLL capsules was faster in contact withasd starting from 10U/mL. However, the
conditions used for the preparation of capsulegwédferent (HA with M, 64 000 g/mol). In
the case of degradation of non cross-linked HA/G#&har films>, assemblies made of CH
with M,, = 100 x 168g/mol were more resistant to degradation by Ha66 (%mL) contrary

to those containing CH with M= 5x 1Gg/mol.

This work thus demonstrated that the stability patmeability properties of the HA capsules
can be tuned by controlled chemical modificatiohshe shell. However, it should be noted
that the physiological concentrations of Hase ddpam the location in the body and other
factors such as thermal degradation and attackd®y fadicals are also responsible for the

degradation of hyaluronic acid.
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4.4. Conclusion

In this chapter, we presented the formation ofdwltapsules made from hyaluronic
acid and three different cationic partners: PAHLRInd QCH. In our conditions for capsule
fabrication, only HA/PAH and HA/QCH showed stableschanical properties, while the
HA/PLL capsule morphology was disrupted during cdissolution. However, this could be

overcome by cross-linking of the shell before testgldissolution.

The permeability for different molecules is a kegrgmeter of capsules to be controlled for
drug delivery applications. In aqueous solutionl@t ionic strength, non cross-linked

HA/QCH showed lower permeability than HA/PAH cagsuldue to the formation of a

cohesive and well-packed film. The HA/PAH and HAIPtapsules had to be cross-linked to
improve their mechanical properties and decredfgsdtn through the walls.

After optimizing the conditions to control permddli of capsules, we demonstrated the
possibility to obtain capsules loaded with dextarFhis hydrophilic drug model was shown
to be released at various rates depending on #s=pce of salt and shell cross-linking. This
release may be promoted by action of hyaluronidasegcially in the case of HA/PLL

capsules.
While cross-linking of the HA/PLL shell was neceags#& obtain capsules with suitable

mechanical and permeability properties, the strectaf HA/QCH assembly met these

requirements without the need for covalent bridgeghe multilayer assembly.
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Conclusion (en)

Since their first introduction in 1998, polyeledyte multilayer microcapsules have
attracted a great deal of interest due to the tfaat properties such as composition, shell
thickness, permeability, stability and surface tiomality can be tailored fairly readily.
Recent work suggested that these systems may lmatetrnot only to the understanding of
biological systems but also to the development oltilanctional drug delivery vehicles with
designed surfaces and interior compositions as \asell stimuli-responsive properties.
However, there are still many challenges remaihangdrug delivery applications, including
the use of biocompatible materials and improvenoénihe drug release profile for a specific
disease treatment. This clearly motivated thisstihsed on previous work performed on
the characterization and chemical modification ydlbronic acid in CERMAV, we proposed
to design and synthesize capsules from this ngpaigsaccharide. Little was known about its
behavior in multilayer capsules. However, it hasdmee clear tham vitro, the biological role
of HA is related to its property to self-organizega strongly hydrated matrices in the extra-
and pericellular space. Hydrogel-like pericellulayers seem to perform crucial functions,
both in the general protection of the cell, and samication with its environment. The first
guestion thus addressed in this work was if cagsaleuld be obtained from HA and
poly(allylamine) using the layer-by-layer technigW&e found that the molecular weight of
HA as well as the HA solution concentration usedrdudeposition on carbonate particles
used as biocompatible colloidal templates are afyzarameters influencing the multilayer
structure. HA lead to dense structures for conegintis from five to ten times the critical
overlap concentration during adsorption. Such doovtB were found to be favourable for the
formation of hollow shells. In the next step, weighextended our methodology to produce
capsules from HA using other polycationic polymévge selected poly(L-lysine) and a
guaternized derivative of chitosan as biocompatgmé/mers belonging to the families of
polypeptides and polysaccharides, respectively.bdiavior of these materials was shown to
be very different during capsule fabrication. Theakw nature of the HA/PLL complex
resulted in the disruption of the multilayer assgmdéuring core removal, whereas the
HA/QCH system demonstrated good stability relatethé formation of a cohesive and well-
structured film. The chemical cross-linking of tH&/PLL shell was thus required to obtain
hollow capsules. The optimization of conditions fmmoduction of impermeable capsules
allowed us to encapsulate dextran as a model drolgame. We finally showed that its
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release may be modulated by changes in certainre@muental conditions such as the
presence of salt or enzyme capable to depolymet#zeAll these results thus established the
possibility to obtain capsules in a reproduciblenm&. This provided the basis for the
development of tailor-made capsules from selegtivebdified polysaccharides. One of the
next challenges will be to engineer capsules ablgansport hydrophilic and hydrophobic
drugs. These capsules seem indeed to be stabléede§ghe absence of chemical cross-
linking between layers. Such an approach would s tbombine in the same material the
unique biological properties of these natural paysnwith their their multifunctionality of

capsules.
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Conclusion (fr)

Depuis leur instruction en 1998, les capsules wwlithes de polyélectrolytes
suscitent un intérét tout particulier lié a la pb#isé d'ajuster assez facilement leur propriétés
telles que leur composition, I'épaisseur de leuopdeur perméabbilité, leur stabilité et la
fonctionalité de leur surface. Les travaux récen&nés dans ce domaine indiguent que ces
systemes peuvent contribuer non seulement a psmEgrdans la compréhension des systemes
biologiques mais aussi a proposer de nouveaux rsgsteéransporteurs de médicaments
multifonctionnels et stimulables. L'utilisation dees capsules pour la libération de
médicament demeure néanmoins un défi. Une tellkcatipon passe en effet par 'utilisation
de matériaux biocompatibles et nécessite de nwitliencappsulation et relargage du
principe actif en fonction de la maladie a traiteées aspects ont clairement motivé ce travail.
Compte tenu des travaux antérieurs effectués auMZFBR sur la caractérisation et la
modification chimique de I'acide hyaluronique, Bawbus sommes proposés de concevoir et
synthétiser des capsules a partir de ce polymérgehall est désormais bien établi que dans
'organisme, le réle du HA est lié a ses propriéd&aito-organisation sous la forme d’'une
matrice fortement hydratée dans I’ espace extrapegicellulaire. Des couches de gels
constituées de HA autour des cellules semble jolesr roles cruciaux a la fois dans la

protection générale de la cellule mais aussi damsimunication avec son environnement.

Dans cette étude, la premiere question a laquells avons cherché a répondre était I'acceés a
ce des capsules en utilisant l'acide hyaluronigue la poly(allylamine) comme
polyélectrolytes partenaires. Nous avons ainsieni®vidence que la masse molaire du HA
ainsi que sa concentration lors du dépét sur descpi@s de carbonate utilisées comme
supports colloidaux étaient des parametres crucrdlwencant la structure de la multicouche.
Le HA a ainsi donné lieu a des strctures denseddsrconcentrations cing fois plus élevées
gue la concentration critique de recouvrement ted’adsorption. De telles conditions se
sont donc avérés favorables pour la préparatiaragsules creuses.

Dans une deuxiéme phase, nous avons donc étenmduncéthodologies a la synthese de
capsules de HA en utilisant d’autres partenairdgcptioniques. Nous avons choisi la poly(L-
lysine) et un dérivé quaternisé du chitosane comolgmeres biocompatibles appartenant

aux familles des polypeptides et polysaccharidespectivement. Le comportement de ces
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matériaux s’est révéleé trés différent lors de laifation des capsules. Le film constitué par le
complexe HA/PLL, faible, se trouve déstabiliséslde la dissolution du cceur de carbonate
contrairement au systeme HA/QCH qui montre unedgatabilité lié a la forlation d’un film
cohésif et bien structuré. La réticulation chimigiesla paroi de HA/PLL s’est donc avérée
nécessaire pour aboutir a des capsules. L'optimisales conditions pour produire des
capsules peu perméables nous a permis d’encaplsufmtites molécules de dextrane comme
modeéles de médicaments hydrophiles. Nous avongefirent démontré que leur libération
pouvait étre modulée par des changements des msdénvironnates telles que la présence
de sel ou d’enzyme capable de dépolymériser le Folis ces résultats ont ainsi montrer Ima
possibilité d’obtenir des capsules de maniére dpotible. Ceci ouvre ainsi la voie vers des
des perspectives interessantes dans le développdmeapsules « sur-mesure » a partir de
polysaccharides modifiés sélectivement. L'un dexipains défis consistera a concevoir des
capsules multifonctionnelles a partir de dérivexctle hyaluronique et de chitosane, capables
de transporter des molécules hydrophiles et hyarophr Ces capsules se montrent en effet
stables méme en l'absence de pontages covalenes lest couches. Une telle approche
permettrait de combiner dans le méme matériau fegrigtés biologiques uniques des ces

polymeéres naturels avec les propriétés multifomectedles des capsules.
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ABSTRACT
Polyelectrolyte microcapsules prepared by the Léyekayer deposition technique have
attracted a great deal of interest for their padémipplications in various fields such as drug
delivery and biotechnology. The aim of this workswia develop new LbL microcapsules
made from hyaluronic acid (HA) - biocompatible, degradable and non-toxic
polysaccharide. First, optimization of conditiors preparing microcapsules from HA and
poly(allylamine) (PAH) was carried out. In the sed step, synthetic PAH was replaced by
biocompatible cationic polymers: a polypeptide, ypollysine (PLL) or a quaternized
derivative of chitosan (QCH) from polysaccharideiig. The influence of the polycationic
partner on the morphology, stability, permeabilitypperties and enzymatic degradation of
microscapsules was analyzed. Those properties theretuned by shell cross-linking. The

encapsulation of dextran release as a model drsglesonstrated.

RESUME

Les microcapsules de polyélectrolytes préparéesdpaiépdt couche-par-couche suscitent
depuis plusieurs années un intérét croissant l&u@ applications potentielles dans divers
domaines, notamment ceux des biotechnologies Et lileération contrélée de médicaments.
L'objectif de ce travail était de développer de velles microcapsules a base d’acide
hyaluronique (HA), un polysaccharide biocompatiidiodégradable. La premiére partie de
ce travail a consisté a optimiser les conditionsydghése de microcapsules a partir de HA et
de poly(allylamine) (PAH). Le PAH a par la suiteé étemplacé par des polymeres
biocompatibles : la polyflysine (PLL), ou un dérivé de quaternisé du clates (QCH).

L’influence du partenaire polycationique sur la piwlogie, ainsi que les propriétés de
stabilité, perméabilité et de dégradation enzymoatigdes capsules a été analysée.

L’encapsulation d’'un dextrane comme médicament tecal@ar ailleurs été démontrée.



